HATHAWAY. PHORNDIKE SAVILLE IRVING W. A, HUIB 


HOWARD CRITCHLOW, ALBERT HABRTLOIN 
Wil 


OHN H. GARDINER WILLIAM ROX-GLIDDEN 


TREASURER 


OFFICER 


My 


a4 


“<< 

| 
— 
— 
yates. 
— 
— 

q 

toe 


RO CEEDIN Gs 


AMERICAN SOCIETY OF CIVIL ENGINEER 
72 FEBRUARY, 1946 No. 2, Pat 


“tt AND 


wings 


+ 


Eat as Second-Class Matter, September 23, 1937, at the Post Office at Lancaster, Pa., under the aie 
3, 1879. Acceptance for mailing at special rate of postage for in Section 1103, 


Act of October 3, 1917, authorized on 5, 1918 
(if entered before January 1) $8.00 per annum. Price $1.00 per 


Copyright, 1946, by the AMERICAN Socuerr OF vit ENGINEERS 
Printed in the United States of America 
aA by 
> 
‘ 


af 
‘wes 
ime 
By 
BR 
4 
949: 
ee 
— 
— 
— 
— 
A |, =e 
| 
— 
— 
Published monthly, except Jul | 
Society of Civil Engineers. itorial and General Ulices WesU INCW is 
N.Y. Reprints from this publication may be made on condition that the full title of Paper, 4 


Discussion 
Bull, Anders. Stresses i in of Shield-Driven Teanels. 1944 
_ Discussion i in Feb., May, June, Sept., Nov., Dec., 1945, Feb., 1946... Closed* 


Powel ‘Ralph low in a Channel of Definite Roughness 
Discussion in June, Oct., Nov., 1 eb., 194 wn 


Conkling, Harold. Utilization of Ground-Water Storage in Stream dese 7 
Discussion in Mar. Age. May, June, Sept., 1945, Feb., 1946.. ‘ 


a Discussion in May, June, Sept., , Oct., 


Blanks, R. F., and Meissner, #. 8. ‘a Concrete Dams Due to 
=e Aggregate Reaction Jan., 1945 

Discussion i in Sept., Dec., 1945, Jan., 

q 


‘Bakhmeteff, Boris A., and Allan, , William. The Mechanism of Energy Loss in 
Friction Feb., 1945 


ou Leon T. eonomics of Photogrammetry 
Discussion i in June, Oct., Dec., 1945 


Genter, L. Computing Coagulant Requirements in Sludge Conditioning. . .Mar., 1045 
Discussion in June, Oct., Dec., 1945 re 
Nelidov, I. M. Determination of Pressures within a Siphon Mar., 
aed Discussion in Dec., 1945 


Harrold, Lloyd L. Flow from Drainage Basins Determined by 


a Discussion in Oct., 1945. . 


Camp, Thomas R. the Design of Settling Tanks 
y Discussion in Sept., Nov., 1945, Feb., 1946.. 
Mullis, Ira B. Design « 


Apr., 1945 
Discussion in Oct., Nov., Dec., 1945, Jan., Feb., 1946 ay. 


Eichler, John Oran, and Eves, Howard W. Mathematical Examination of the | 
Highway Transition Spiral May, 1945 

Discussion in Nov., Dec., 1945... ae. 


- Brumfield, R. Cc. Moving Loads on Restrained Beams and Frames 
ate Discussion i in On., Nov., Dec., 1945, Jan., Feb., 1946 


Johnston, Milan Effects of Radiant Heat on Reinforced-Concrete Rigid 
: 1945 
145 
Discussion in Oct., Nov., Dec., , 1945, Jan. Feb., 1946 sees 1, 1946 
Ehasz, F. L. Structural Skew Plates : war 
_ Discussion in Nov., 1945 Apr. 1, 1946 _ 


Plai 
* 1, 1946 


_ Discussion i in Dec., 1945, Feb., 1946... Apr. 1, , 1946 


Freudenthal, Alfred M. The Safety of Structures Oct, 
Discussion in Jan., Feb., 1946 


Symposium: Design Developments—Structures of the Tennessee Valley 
thority 
_ Discussion i in Dec., 1945, Jan., 1946 , 1946 


Hopkins, Charles D. Balanced Design in Urban Triangulation Apr. 1946 


‘Fitz Hugh, M. M., Miller, J. S., and Terzaghi, Karl. Shipways with Cellular 


: Uplift Pressure in | and Beneath Dams ASS ..De ec., is 1945 May 1, 1946 : 
a9 Symposium: Technical Survey ey—Brooklyn. Bridge After Sixty Years... 1946 1, 1946 


Report: Evaluation of Professional Objectives in the Design of Sanitary Engi- 
- neering Works: Report of a Committee of the Sanitary Engineering Division..Jan., 1946 June 1 1946 


Nor 


E. The ¢ closing dates herein published are final except when names of suennesiion on are 


Publication. of closing discu: 


registered for — extension of time. 


> 


= 

Closed* 4 
| Closed* 

Closed* 

— 

1 


PAPERS 
New Project for Stabilizing : and Deepening Lower Mississippi River. * 
By Charles Senour.. . 
Critical Stresses i in in a ‘Circular Ring. 1 


Landslide Investigation and Correction. oe 


i on of Ground- on ater Storage in n Stream System Development. 


Conversion 0 of Kinetic t to: Potential Bneray i in n F Flow y Expansions. 


By Joe W. Johnson, Harold H. M funger, and William May M ‘Mayo Venable 


Interrelation of Certain Structural 


Future of Lake Mead and Butte Reservoir. 


Flow i rin a Channel of of Definite Roughness. 
By Ralph W. Powell... 
and the Design of Settling Tanks 


the Linings of Shield-Driven Tunnels. 


7 — 
on ART 
* CONTE IBRUARY, 1946 
— 
a 
By George Winter. . . 199 — 
7 
youl 
1946 
194 
1946 
1046 
ers 
By Phil M. Ferguson, Leon Beskin, a 


| 
CONTENTS FEBRUARY, 1946 (Continued) 


- 


in Hydraulic Structures: A A Symposium. 


| 
4 Design of Roadbeds. | 4 


2 DIRECTORY NUMBER 


A 48-page, self-covered ren of Society officers and. committee personnel, issued to 
members i in lieu of the annual YEARBOOK. 


for 


ollowing w met in 


-Problems— -Dams of the A 


te Ent nnual P 1 Address. 


list of “ Current Papers and Discussions” may be. on the page preceding 


Society i is for any ‘statement made or opinion expressed 


TO AUTHORS iz 

who are. planing pe papers for submission Procespmas will expedite 
Committee action measurably by first studying the standard instructions as to a 
tal content, and format. For reprints, address the Secretary, Co sald . 
on Publications, 33 W. 39th St., New York 18,N.Y. 


4 
q 
q 
| 
4 
— 
— 


November 


PAPE 


PROJECT FOR STABILIZING 1G AND 


DEEPENING LOWER MISSISSIPPI RIVER 


CHARLES S SENOUR 2 ASCE. 


authorized by the. 1944 Act for or stabilizing and and “deepening the 


Lower Mississippi fiver’ n Cairo, Batog Rouse, La., in 
- flood control bill bill H. H.R. 4485 (approved D December 22, 1944) a and Public Law No. . 


ned to supplement and 


INTRODUCTION 


‘There is presently salina for navigation between Cairo and Baton Rouge 

“(head of deep-water navigation) a a channel not less than 300 ft wide and 9 ft deep - 
| at lowest water. This condition or better obtains naturally throughout much of 2 
the year; but, at low stages, some of the so-called crossing bars, which constitute 

brond-erented 20 sand weirs between the. deep water in successive bends, require 

‘The Tiver consists, in general, of alternating pools and crossings. 

The pools, lying along the concave banks of the bend, tend to scour in n high water 
and fill somewhat on declining stages but always are from 40 ft deep to more than 

100 ft deep. _ ‘The crossings, however, build up many f feet by deposition during -_ 
m high- -river stages and some of them do not scour off rapidly enough during the — 

‘decline to maintain the 9-ft depth. A fleet of nine ) dredges is operated to 
oe deficiencies as rapidly as they occur and to prevent their — 


by premaintenance dredging where trouble can be foreseen. ‘The capacity of 
the river to carry commerce is practically unlimited as long as the. crossings 
es ean be maintained at proper depth, ‘since there are no locks or other bottlenecks 
3 of any sort. pil The tonnage now being moved is limited only by the s availability 
| if of carriers; between 1935. and 1944 it increased fr from 5} million tons per yr to 
} million tons per yr. Data on commerce from the mouth of the Ohio River 
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but not Rouge for the years are as follows: 


= History 


Flood control of the Lower a began with the earliest settlements 
along its banks. It was, and is, absolutely essential to dependable agriculture a 
on the flood plain. . Frém time to time the proposition i is advanced that flood 
: protection has been na mistake and that tl the soil should have been rejuvenated 
by natural overflows. * This plan has no advocates among the 3,000,000 people 
who live behind levees i in the lower alluvial valley, f for ‘floods were early found 


correlation between and farming operations. 
_ Fortunately, the topography of the region is ideally suited to | flood p pro- 
tection by levees. In general terms, the 20,000,000 odd acres subject to over- 
= comprise a flood plain of low relief about 600 miles long and from 30 ) miles 7 
to 110 miles wide, divided by major tributaries into seven main basins ranging — 
in size from 956 6 sq) miles to 6,648 sq miles. 
= The terrain . slopes downward : away from the river instead of toward it; 


and discharge into the tributary ¥ which forms the lower boundary of the basin. — 
Thus, some very long levee lines can be used without drainage complications — 
of any consequence. The Yazoo Basin, for example, extending from Memphis, J 
Tenn., to Vicksburg, Miss., embraces an area about the size of Connecticut — 
and Rhode Island combined. It is protected by a le levee 272 miles long. The — 
Tensas Basin, about the s size of North Treland, is , protected by a a continuous a 


J and the natural watercourses that drain the slopes roughly parallel the deve 


a ; ana. | The levee lines do not cross the tributaries which 1 separate , the basins, s so 
the lower ends of the basins are to backwater. 

ig. 1 shows the general atthe plan of flood control. 

Briefly, this plan embraces (1) the e confinement o of the project flood by levees” } 
be the main channel of the river er from the sey se Hills to ¢ Cairo, and between 
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WAPPAPELLO 
Red River, half “RESERVOIR | 

down the main river be- 

tween levees, and halfdown 

the Atchafalaya Basin. Of 

the flow to be carried by the _ 

Atchafalaya Basin, part will 

“pass down the Atchafalaya 

River (which is leveed for 

some 40 miles below its 


head) and will flow 


MEMPHIS 
RESERVOIR) 
and west. The plan 
also includes a controlled 
" outlet into Lake Pontchar- 
train at Bonnet Carré some 
q 20 miles above New | Orleans, 
which is to abstract up 7 
to 250,000 cu ft per sec and Pi 
thereby New Orleans 
4 stages from exceeding 20° 
‘on the Carrollton. gage. 
Supplemental features are + off 
‘the protection of the 
‘ Francis Basin against head- 


. Francis River by reservoir 

construction, channel i im- 

provement, and levees; the -Alexand ri 

protection of the Yazoo 


against. headwater floods of ny 


the Yazoo and of the back- [conrrotten 
waters of the: Mississippi; BATON 
the protection by levees ATCHAPALATA Ponicharirain- 
water area , and of f the 
White River backwater 
area ; and the improvement 
Boeuf, and Bayou ag 
Maximum flood which _the Fie. a. 1. Controt Pra FOR THE ALLUVIAL VALLEY or 
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War Department’s hydrologists and tk the meteorologi the Weather Bureau — 
~ eonsider reasonable to expect. Estimated distharge at Cairo is 2 ,450,000 cu ft 
per sec (reduced from a probable value of 2,600,000 cu f ft per sec by posal 
reservoirs). At the latitude of Arkansas City, Ark., ., discharge is estimated 
at 3,065, 000 | cu ft per sec; and at Red River, at 3,000,000 cu ft per sec. iesy 
As adopted i in 1928, the plan for flood control did not include the afore- 
mentioned supplemental features; “nor did it) contemplate confinement of 
project flood flow to the leveed river channel between the Arkansas and Red — 
rivers. s. Calculations had indicated that confinement would require 
“unreasonable increases in ‘the height of existing levees. the vicinity of 
Arkansas City, for example, the grade would have had to be raised about 15 ft. 
? 2 ‘Since the levees were already about 22 ft high on the average, and occa- 
; ‘sionally attained heights of from 30 ft to 40 ft, the resultant structures es would 
have been so large that their cost would have appeared prohibitive had it been | 
- considered practical to make them dependably safe with the materials eg 


__ Therefore, part of the f flow of extreme floods between the Arkansas River 
and the Red River was to be carried by a an ‘overbank floodway leveed from 
the Arkansas River to the head of the Red ‘River backwater area. . The 
floodwa ay Ww was to follow the valley of the Boeuf River, west of Macon. ‘Ridge. 

r ~ Local interests opposed its construction; so it was sh shifted to the the east of Macon . 
“Ridge a1 and became known as the Eudora Floodway Project—where it was: no 
less obdurately opposed by the people in that part of the basin. 


In the meantime, however, great progress had been made in lowering the 
flood flow line by channel rectifieation through cutoffs and corrective dredging. 
| The cutoffs were made > by dredging through the narrow necks or peninsulas 
created by the river’s meander. . The distances across the necks varied from 
1.4 miles to 4.8 miles, and the distances around the bends were from 7. 38 miles 
a % to 17.2 miles. . he fall between 1 opposite sides of the necks 1 ranged from 2.2 ft 
to 5.4 ft. artificial cutoffs have been made and one occurred naturally 
in 1929. 

new river alinement better than did the main were developed by 
dredging. These operations shortened the former low-water river 
“distance of 545 miles between Memphis and Old River (mouth of Red River) § 

_ by about 170 miles or 28%. By 1941, it had become apparent to everyone 

a that the flood plane had been reduced more than 12 ft at Arkansas City and 

- more than 6 ft at Vicksburg. Thus, the levee raising ne necessary to to confine 


le 


» 
da 


mae 


the project flood in the river shannel was reduced to moderate and practical di- ti 

mensions; and in August, 1929, Congress a authorized abandonment of the Boeuf 

and E Eudora floodway projects ‘and the substitution of moderately enlarged 

levees capable of carrying the the apt flood from the mouth of the Arkansas" ge 

a ‘The recurrent necessity through the years of enlarging and re-enlarging the § i Oo 

levees has resulted 1 in | raising them to imposing heights. When brought to the Fa; 

1941 grade the levees of the ‘Yazoo Basin, for: example, will average about § ‘si 

30 ft t high and will be be from 270 ft to 290 ft wide le at the base plus whatever 5 

_ berms may be be required for foundational stability. As the size of levees has 9 
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increased, the cost. ; per I mile has increased 1 disproportionately because of the 


neces 


considerably greater length c of haul, ‘and because of the present necessity for - 


ter expensive foundation treatment over part of the line that was stable at rn 

» 7 ‘This. condition , together with several other factors, has been emphasizing 

re- more and more one of the most troublesome of the river’s characteristics— 
of 


j namely, its tendency to meander by caving its banks . No ‘matter how wide 
ed — and high the levee, no matter how impregnable against the assault of floods, 
it is an easy and frequent victim of bank caving. — In earlier y years, retreat” 

- from caving banks by the simple process of setting the levee | farther landward 
wherever it was threatened was an easy and “fairly” inexpensive expedient— 
but that is no longer true. Levees are so massive that construction on amore — 
uld § retired position is very costly; and, since the ground normally drops : away to 


the landward, the new location is almost invariably on lower ground. ae 


ind physical phenomenon, in addition to requiring a higher levee, also frequently 

= means that the new foundation is less stable than the old; and two or more years - 

The much time is not always available. The bank sometimes caves very 
| rapidly. For: example, at Homochitto, n near -Mayersville, Miss., while the 


; engineers struggled (none too calmly) 1 to ‘makean extremely high setback levee 

_ stand up on a weak foundation, the bank receded 1 ,200 ft in three months. : ‘ 
| In 1943, caving banks required the construction of 18} miles of levee setbacks 1 
Ms costing approximately $4,800,000. \ During the ten years since 1935, caving 7 

~ banks have necessitated the construction of 135 miles of setbacks at approxi- _ i 
mate cost of $13,000 ,000. 3 Most | of this is expenditure represents a total loss, | 


| 


‘since e setting levee back in ‘no way advances the Prog ogram. the 
which precludes the industrial or even development 
a of riparian property, causes shoaling of channel and harbors and, over a — 
. of years, “engulfs a surprising acreage. Accretion on one bank keeps pace — 
with erosion on the other, but accretion is in the form of a sand bar which _ 
ee not become useful for generations, while erosion claims the best and highest _ - 


Considered a process, the lateral movement, of the | river is a 
of give take; and, except perhaps for occasional horseshoe lakes 


. various scars and swales, the flood plain abandoned by the stream, in 


time, becomes as good as the one which it invades. However, this theory does 

not hold true where only periods commensurate with the short span of human ; 
life. are considered and when the practical aspects of present-day economy 
a govern. Within the memory of those who live in the valley, river meander + 
{ meant loss. levees are a almost always moved back. Even when an 
_ oecasional z accretion achieves a usable elevation and fertility it is not practical 
(a8 a a rule from the economic standpoint to include it t within t the levee system, 
- since the cost per acre of protecting such isolated areas greatly exceeds the 7 
ee The sees of the lower Yazoo Levee District extending from about. 


e, Miss to ‘Viekaburg, i is 178 miles long, but not one 
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305 miles. The average” distance between the controlling levee on 
opposite banks of the river between Memphis and ‘Vicksburg i is almost a mile 


wer 


continuation of of this process of attrition 1 must inevitably Make serious 
a inroads on the resources of the region. For example, if the channel and banks — 
of a river are sufficiently | stable, industries can load their products directly — 
into barges; and they can import raw materials and fuel most economically 
by water. a. One effect of | bank and channel instability is to . discourage the 
establishment of such river ports and terminals. err ae 
In describing the flood control plan which was later adopted by the Act of 
May 15, 1928, paragraph 131 of Document No. 90, Seventieth Congress, calls 
attention to the menace of bank cay caving to the levee ‘system and its 3 deleterious 
effect upon the navigation channel it in the the following language phat 


eke iz “131. Channel Stabilisation. ‘Since the levees within the limits of this 
= project are to be greatly enlarged, they will be much more expensive than — 
i heretofore, so something must be done to avoid the frequent moving of — 
them from the proximity of caving banks. In addition, the river po oll 
be regulated for low water navigation until the banks are made stable, 7 
_ this both to keep the channel in one place and to stop the enormous dumping 


of earth into the river by bank caving. A general bank protection scheme 


This statement was made in 1928. ‘The events of succeeding yes years have 
not lessened the need. _ On the contrary, , they have rendered it more or less" 
imperative, for, it ; will be remembered, the finally adopted plan for flood 
‘control between the Arkansas River and the Red River by confinement of | 
flow to the leveed channel i is based upon the reduction in flood heights caused 
by shortening the river; and a return toward former length by continued bank | 
_ caving would mean a corresponding return toward former flood heights and 


the necessity for overbank floodways—with consequent loss 8s of 


investment, made i in channel rectification. 

Methods « of preventing bank caving ar are relief 
may sometimes be had by dredging. ‘The situation at Semechitto previously 
referred to has been corrected for the time being by | this means. The circum- 

7 stances are seldom such that this method is suitable, however, and at best the 

remedy is usually not permanent. _ Deflecting dikes of various types have been 

tried but they also are usable at very few places. . Ther main reliance has alwa ay: 8 

| been upon bank revetment, consisting of mats of various ous types s such as woven 

| willow, lumber, asphalt, and articulated concrete, laid up upon the river bed from 

| water surface to the toe of slope which may be anywhere from 40 ft to 140 f ft 
1 below low water and from 120 ft to 350 ft or more offshore. The bank above : 
the water line may be paved with asphalt, or with riprap or articulated « concrete — 

F ae employ ed type of subaqueous revetment currently is the articulated 

conerete, mattress, composed of concrete slabs 14 i in. wide, 4 ft long in the 
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4 upstream-and- -downstream direction and 3 in. thick, spaced 1 in. ‘The slabs 
are cast in groups of twenty and are reinforced and connected io wire mesh, 
fabricated. of noncorrosive No. 8 gage wire in sheets 4 ft by 25 ft, to form f 
_ twenty-slab unit of those dimensions. Units are laid side by side on the | 
inclined ways of a launching barge, and y-in. or launching cables 

¢ occupy the Lin. spaces left between each pair o of of adjacent wu: units an and wo 

- over drums on the launching barge. Loops « of the 1 reinforcing mesh pro projecting 
from the ends of the slabs of adjacent units are fastened t to the launching — 

: cables by clips or twist wires to form a mattress 25 ft wide measured normal to 
_ the shore and 140 ft measured parallel to the shore. The mattress is anchored 
ashore by noncorrosive wires leading from the loops of reinforcing mesh 
projecting from the shoreward slabs to screw anchors spaced from 4 ft to 8 ft 
apart. It is launched partly by withdrawing the ‘barge riverward, concurrently 
paying ng off the launching cables. Ass soon as the ¥ ways are sufficiently cleared, a 

q second series of units s is placed upon them , made fast to the launching ¢ cables, 
and attached to the riverward ends of the preceding se series by means of pro- 

jecting loops of the reinforcing mesh. 

a adding units is repeated until the mattress has been carried as a continuous — 

- sheet a short distance riverward of the toe of the underwater slope. > . hen, 

“the e launching cables are ¢ cut at the barge, the outer end of the mattress Te- 


leased , and the , barge m moved in to the bank ready to assemble the next mat- 


The procedure of launching and of 


. me immediately upstream, with an | overlap « of from m 5 ft to 10 10 ft on the one 


Because of the large investment in plant required, and the short working | 
um revetment has heretofore been placed by hired labor. It costs from ; 
= $650,000 to $700,000 a mile under 1946 conditions as to labor and ma- —_ i 

terials. — An intensive research program is underway to develop a less expen-— 
- sive product a and one that can be made more attractive to contractors from the 
plant angle; there is ‘Teason to believe that progress is being made. 
we Halfway measures cannot be adopted in an effective bank revetment 
program. The river unrevetted b bends are “hot t static, but tend to move 
- down the valley, resulting in a constant migration of the caving banks and 
‘eelitent bars. - revetment put in at great expense to meet an emergency 
one year may be masked by a sand bar a few years later; or the current may 
be progressively directed against the bank farther and farther | beyond it and _ 


thus ‘Tequire repeated extensions. The procedure of protecting the banks 
only where immediate disaster. impends i is wasteful and ineffective. — However, 
‘it has been the only course possible with the funds made available and the 
other urgent demands ur | upon them. ‘The ideal method would be to stabilize 
the bends at once. ‘That i is obviously impossible. next best course 


_tiver’s banks the next and essential s step i in the improvement. s However, this 
would involve large sums of money and the modification of a fundamental 
aspect of regimen. It seemed advisable, therefore, to approach such stabil- _ 
ination | with caution and, before recommending that it be undertaken, to make 


ne force of events appeared to have made a general stabilization of th the 
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‘certain, if s real as it seemed (b) that 
‘there was not some e geologic or other cause that would arrest meander or re- Z State 


river’s past history indicated | that if let alone it would in fact regain th the length | conn 
by cutoffs as the rapid caving since their completion seemed to in- 
dicate; (¢) whether restriction of meander by artificial means would set_ up | 

conditions adverse to other aspects of regimen; and (e) to what ped revet- 


of banks would be required to effect satisfactory stabilization. 


—— 


= The Commission had been concerned, of course, with problems of meander ; 


for many years; but the river is so large, its phenomena so complex and inter- 
related, its geology so complicated, and its cycles of f change | Te) deliberate, 


that several fundamental questions | had either no answer -or too many rm 
Certain facilities have become available for investigation that were 
- formerly extant. The e making of literally thousands of deep borings in the 
d alluvial valley by the petroleum industry, and coverage of the valley by aerial 
photographs in connection with the | control program of the Department 
‘ of Agriculture provide ‘opportunities, far beyond ever 


Elevation, in Feet (Mean Sea Level) 


the oil-well logs is too apparent to require comment. "The value of aerial 
photographs i is that ancient river courses and other nye not discernible 
to an observer on the ground a are easily detectable in an aerial photograph, 
&§ and once located in this manner may be examined on the ground to the extent: nt 
_ Another recently developed method of investigation is model experimenta- [| 
tion. In the model the numerous variables which combine in nature to obscure. 


U as - one another’ 8 ene can be i isolated and controlled; cycles of floods and low 
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waters that would ceniene years in nature can be: reproduced i in the model in _ 
a matter of hours. f It seemed possible that exploration of the river’s geology, 
and model experimentation might resolve some of the questions that the usual - 
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| ‘The geologic investigat on was undertaken by H. N. Fisk of Louisiana 
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State University at Baton Rouge : as consulting geologist to the Commission — 
from whose data Fi to have been reproduced. e borings: made in 
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r geologic cross sections of the valley; and the study of aerial photographs was 
2 followed by field exploration. The results were interesting a and useful, 
The Paleozoic floor of the lower alluvial valley apparently dips | down 
£ form a great n north- -south structural trough roughly following the course of the 7 
modern river and an east-west geosyncline along the Gulf Coast. Fig. 2isa 7 
-_west-east cross section through the structural trough at about the latitude of 
"Rosedale, Miss. Fig. 3 is a profile along the trough and through the geosyn-— 
dine. The floor of the north-south trough is about 15,000 ft below sea level 

at the latitude of Natchez, Miss., 10,000 ft below sea level at Lake Provi- 

~ dence, La., 5,000 ft at Rosedale, and 3,500 ft at Memphis. ‘The bottom of the 

- Gulf Coast geosyncline is about 20,000 ft below sea level. . These depressions - 
i’ thought to have resulted from the weight of the sediments which fill them 
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GENERALIZED NATURE OF THE ALLUVIAL FILLING oF THE VALLEY Cur Durina 


e ice cap of the first glacial stage of the Pleistocene e epoch interrupted north- 

poe flowing drainage and ponded it, and the drainage overflowed the divide 

into the lower alluvial valley, about 1,000,000 years ago. Several pe periods } of } 
=~ | Serine and retreat of the ice cap followed—the former always resulting in 


a ae of sea level and the deep entrenchment of streams in the alluvial — 


er, in — ocean levels and the refilling of the valley and the 
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retreat of the last glacier | (late. Wisconsin stage) began about 


30,000 years ago. At that time sea level was about 350 ft below present 
elevation, : and the ‘slope of the entrenched valley, gradually steepening as it 
approached the sea, was about twice that of the present valley. 
filling of the valley T fog 


> 


000 years to 24,000 years, 
80 the present plain is about | j 
6,000 years to 10,000 y ears 
old. Fig. 4 i is a cross section 
through the narrowest } part of 
_ the valley—at the latitude of 
‘Tertiary level, and it shows. 
that. the Pleistocene, and 
recent sediments to depths far 
below present river bed, con- 
of easily. erodible depesiin 
comprised of coar coarse gravels — 
grading finer. upward 
sands and silts. The Missis- 
sippi River carried gravel into 
the Gulf of Mexico until sea aa 
level had risen to El.—200._ 
‘as developed t by use of ‘of aerial — 
photographs, of a typical 
section of the present 2,000- 
‘Arkansas River Fitler, | 
Miss. 7 The meander belt has | pMayersvile 
covered a width of from 15 — 
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32°55! 


did not disclose any basisfor {| Lake dl 
_ believing that future behavior == 


will ‘differ materially from 32°45! 


past behavior. seems 

checked, in course of time the 10" 
river will destroy everything Fre, 5.— RiveR 


within many miles of its present ‘course. 


The study ancient meanders has another interesting fact— 


namely, that ‘the elevations of t the the river’s various courses and 
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This is convincing that the is not an in ‘the: 
ordinary sense of that term, and confirms the intention of data procured by 7 
‘surveys, | that t the Lower Mississippi River is now a ‘ “poised” stream—neither 


el _ Astudy of the length of the lower river in the sixteen reconstructed courses | 
‘it has previously occupied i in its present meander belt shows that it has remained _ 
200 miles long with 1 @ variation of not more than 10%. Shortening has 
occurred when it forsaken a ‘part of its course to a more 


M ODEL INVESTIGATION 


- “Model of the meander proved “unexpectedly 
slow. “Much time and | energy were expended in trying to find a material 


‘that 9 would uuld produce a stream which, like the Mississippi River, would ail 


= natural- looking streams. Howe ever, those molded i in seinen cohesionless 


materials” soon began to deteriorate by widening and shoaling and lost der pth 
and flow-carrying capacity; and those which were molded in difficultly erodible 
materials | caved their bends slowly, showed much less t tendency to build bars, 
and | gradually deepened and entrenched themselves with increases in bankfull 
_ flow-carrying capacity. This inability to produce a poised. condition, although 
it precluded ‘the creation of a model stream that would behave exactly like 
"the Mississippi River, did not interfere with the study of the general phe- 
_ From m observation, checked by the use of dyed sand, the movement of bed 
‘load, \ , upon 1 which the whole of the ‘meander phenomenon ‘seems pr principally to 
depend, normally appeared to be : | local movement. The load was 
provided by caving 0 of the | bank i in the bend; and, where the bends were uniform, 
_ most of it came to rest on on the c convex bar: immediately below—a part depositing 
in the ¢ crossing, ‘and a small part n moving diagonally | across to deposit on the ; 
tail of f the | bar on the opposite bank. Wh hen the e bends were not uniform ee 
of the material eroded in the longer bends would be carried ‘on through an | 
adjoining short bend to deposit on on the second or third ¢ convex bar beyond the _ 
ofeavingg 
The model rivers repeatedly showed that a meandering stream picks. ‘up 
the bulk of its bed load from the river bottom. | If the banks are high and 
friable, the removal of material at their base causes them to slough off into 
the ‘stream, thereby increasing the width and decreasing the depth with 
resultant steepening of the w water-surface | slope. If the stream ‘ still I receives , 


more e bed load than it can handle, er even with its increase in slope, the process 


_the depths of its previous channels are practicallv the same e elevations 

bu 
, _ regain the length it had prior to the cutoff program if it is not arti- to 
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a “continues until at length, if the surplus: of load persists, it becomes a shallow 
and sometimes a “braided” stream whose low-water flow is carried in a wend 
small interconnected channels ‘ls wandering across the surface of 
When the banks are tough, they do not slough off so. readily wi when load is 
picked up from m the bed; and SO, instead of being surfeited with bed load, the 
stream is starved and continues to remove material from the bed with — on 
quent deepening and flattening o of slope : and _ with | small tendency toward 
building up crossing g bars between successive pools. This type of stream is 
‘illustrated in nature by the deep river below Baton Rouge where the so 


and bed cutting across the clay deposits o of a Pleistocene delta are fairly resistant 

to erosion. There : as elsewhere on the Lower sania River, howe’ ever, a 
balance : seems to have been struck between the fo 


not any evidence of continuing entrenchment. hewn “s 
When the caving banks of the model 1 rivers were protected by pevetune 


they could no longer « cave into the stream; and, in consequence, the quantity a ' 
of bed load was reduced 7 In general, the bends deepened, and the  flow-carrying 


capacity either ceased deteriorating or “positively ‘improved—usually ite 


~ latter—and sometimes to : a remarkable | extent, when the revetment extended _ 
throughout each bend. | 7 No good reason is apparent why revetting the banks 
of the Mississippi River should not reduce the bed load in “ereeacneeall 


why ‘such reduction should not similarly affect flow capacity. ee. 
_ Revetment is placed i in caving ig bends. Hence, its direct effects are “upon” 


the bends rather ‘than upon the since the crossing bars: 


by alee its procurement to the bed of the river should tend ws discourage 
the growth of the crossing bars, which interfere with navigation. , 
4d Most of the crossings do not offer any difficulties ‘to 9- ft navigation under 
“present conditions. For r example, a ‘a recent typical channel report at very 
low water for the river between Cairo and the mouth of the Arkansas River, » 
where e most of the dredging of crossings is required, lists a total of seventy-four 
crossings. Of this number, five were 9 ft deep, thirty 1 nine were 12 ft deep or 
more, and | Dinky wine from 10 ft to 113 ft deep. | _ Where trouble does occur, 
it is usually due to a dissipation of the flow as a thin sheet over a wide expanse 


of sand bar or as several al shallow div divided channels across the bar. Its concen- 
tration into a ‘single channel of moderate width would ‘correct the deficiency. 


Revetment alone probably cannot accomplish this. * However, if the migrating 
be ends are revetted, so that their positions and curvature do not change from 
ye ar to j year, , it should be practical i in — cases to confine the extreme low- 
- stage flows over the crossing bars to courses predetermined by low dikes which | 


would not i in any way interfere Ww ith te d flows but would only ¢ come into play ; 


Because of the reduction in quantity of bed load and "stabilisation of 
ions that revetting the banks would entail, _ the amount of dredging now 


= 
ns. 
by — 
er 

eS 
ed — 
as 
us 
ill | 
> 
: 
er 
ne 
ss 
iim 
od 
— 
{ — 
a 
— 
4 
banks have been stabilized. 


Concurrently tee model analysis was conducted to develop 
‘the probable length of _revetment required to stabilize the river upon an 
acceptable alinement. — ‘The study developed that, in the 737 miles between 
Cairo and Baton Rouge, 97} miles of effective bank revetment were already 
in place, and indicated that, to stabilize the banks between the two ‘points, 
about 230 additional miles would be -required—representing an 1 aggregate of 
442% of the total river length and a cost of about $165,000, 000. _ Allowing 
000,000 for ‘possible improvement dredging and the of low 
dikes, the cost of the total requirement was estimated at about $200,000 ,000. 
The whole question: is succinctly summarized in the following : statement, 
from the report o of the Mississippi River Commission (Document No. 509, 


‘Seventy- eighth Congress, second session): 


“The ‘Commission is of the ey that stabilization of the river is 
necessary in order to retain reduction in flood heights obtained by channel 
rectification, and is advisable for the purpose of safeguarding the main 
Mississippi River levees and protecting the investment which they repre- 
The Commission is of the further opinion that such stabilization 
may materially increase the flood carrying capacity of the river channel and 
7 together with the maintenance dredging already authorized, will provide a 
minimum depth of 12 feet at low water for navigation. J 
“The great investments made by the Government and the local people 
in the levee system, the constantly increasing population and property — 
_ values protected by the levees, and the benefits accruing to the nee justly 
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| AMERICAN SOCIETY OF CIVIL ENGINEERS 

as Founded November 5, (1852 +i 


CRITICAL STRESSES | IN A CIRCULAR . RING 
BY E. A. RIPPERGER,? N. Davips,? Esq. 


SYNOPSIS 


"Many times, in investigations of the physical properties ¢ of foundation 


rock” samples, tensile tote are required. Usually, the ‘sample con- 


_Siats s of f one or more short. cylindrical p prisms of the type taken by « core driling, 
then the conventional tension which axial, forces 


for use 
with such ma ote the Soils Laboratory, U.S. 


Pa. (later, the Soils ‘Engineering Section, Cin- 
‘cinnati, Ohio, Testing Laboratory), « devised and investigated the “ring test” e 


described in this" paper. As the name implies, specimens for this test. are 


by cutting disks about 1 in, thick from cylindrical cores and 


drilling a small hole i in the centers of the disks. ‘These 1 rings are e then placed 
in a standard testing - machine and loaded in compression until failure occurs. 
The results of the tests have been interpreted i in the light of certain heenceadl 
lished data which Max Frocht? obtained using photoelastic methods. 
As part t of 2 an investigation of the feasibility of using the “ ‘ring ng test” i in 


obtaining a measure of the tensile strength of concrete, the writers, i in | 1942— 
: 1943, made a mathematical investigation (the results of which are presented 


. herein) of the type e and distribution of the stresses normal to the section in the _ F 
plane of the concentrated load—the so-called “critical section.” _ Numerical 
values of these stresses were then | computed for rings with diameter ratios 
A ranging from 0.0 to 0.5. oe ‘The last case (diameter ratio 0.5) has been analyzed 
by S. ‘Timoshenko,** but by a somewhat different method. 


nl News. —Written comments are invited for immediate publication; to insure publication the last 
iscussion should be submitted by July 1,1946. 
Lt. Gig), U. S. Naval Reserve, Washington, D. qt t 
2 Math. Dept., Johns Hopkins Univ., Baltimore, Md. 


8“*Photoelasticity,”” by Max Frocht, John Wiley & Sons, Inc., New York, N. Y., 


_ _ 4On the Distribution of Stresses in a Circular Ring Compressed by Two Forces Acting Along a 
_ Diameter,” by S. Timoshenko, The London, Edinburgh, and Dublin Philosophical Magazine and Journal © 
Science, Vol. 44, No. 259, July, 1922, p.1014. 


 §**Theory of Elasticity,” by S. Timoshenko, ‘McGraw-Hill Book Co., Inc., , New York and London, 
“Ist Ed., 1934, pp. 114-116 and 119. 
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fi. 
with any type of loading 
was first obtained ed by Aa ‘Timpet i in 1905, and in 1924 was fully discussed by 


Filon.7 In Mr. Filon’ s presentation the ‘stress distributions 
- given in the form of infinite s¢ series 
whose coefficients are functions of the 


Fourier ‘expansion coefficients which 


represent the stresses ‘of the applied 
boundary forces. difficulty in the 
present problem is the lack of a con- 
vergent Fourier development for the 
boundary stresses, since these 


infinite under the loads. Never the- 
Tess, the co coefficients taken from this 


P ——— series may legitimately be 
used t to form a series repre- 


‘The letter symbols in this paper are defined where. they first appear, in the 
fi text or by line diagrams, and are assembled for convenience of reference in the 
Appendix, 
OF THE STRESSES 


symmetrical, loading of ‘the outer the 


in which r; is the inner radius of ring; To is the outer | radius: of ring; r and @ 


are plane polar ¢ coordinates; o, denotes the stress normal to the boundary 
“(radial stress); and 7,9 is the ‘shearing (tangential) stress. The compressive 
loading shown i in ‘Fig. must be considered negative. la is 


expansion for the stress distribution of the load, in whic 


4 
_  §**Probleme der Spannungsverteilung in ebenen Systemen, einfach gelost mit hilfe der Airyschen 
en ” by A. Timpe, Zeitschrift fir Mathematik und Physik, Vol. 52, 1905, pp. 348-383. Pi 
 1™*The aennnet in a Circular Ring,” by L. N. G. Filon, Selected Papers, Institution of Civ. Engrs., 
Treatise on Photoelasticity,” by E. G. Coker and Filon, Univ. Press, Cambridge, 
‘*Fourier Series and Boundary Value by R R. Churchill, Hill ‘Hill Book Co., Inc., 
‘ten York and London, Ist Ed., 1941. 
Elementary Treatise on Fourier’s Series Spherical, Cylindrical, Ellipsoidal Harmonics,” 
y William BE. Ginn & Co., Boston, M Mass., 1893, 
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R. v. Churchill? has published a ‘mathematical proof of these relations as 


well as a general treatment of the Fourier series. The Presence of concen-— 
trated, normal, line loads of magnitude at 6 = 0 and 6 = in Eqs. 2, is 


char acterized by the boundary stress functions: For 0 = 0 and @ = r— sired 


and, for 6 0 and 


=0— 


The : Fourier coefficients a» of o, as defined by Eqs. 2 are found by integrating = 


these equations by parts, using Eqs. 3 and 4, after substituting 6 = 27, — 
because of the symmetry: 


_ However, the Fo ourier series formed with en coefficients i is divergent, t, since 
the a, do not tend to become zero as n approaches infinity. 
The general stress potential ¢(r,6) for a circular ring under symmetrical 


loading may be written i in the form:7: 


‘The arbitrary constants A, C, and appearing in this expression are 
4 
ev aluated by the stresses from the relations: A 


“Theory of Elasticity,” by 8. Timoshenko, Book Co., Inc., New York and London 


Ed., 1934, p. 114. 
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‘RING STRE SSES 


- Tepelying the boundary conditions Eqs. 1, solving the resultant simultaneous 
equations, and substituting diameter ratio, The constants: thu 
derived are: 


7 The se series, Eq. 6, and hanes the e expressions on the stresses, Eqs. 7 3 require 


explicitly the knowledge of the Fourier c coefficients an , of the ‘boundary : stresses. 
Substituting Eqs. 5 in Eq. 6, and differentiating Eqs. 7, the following expres- 
sion is derived for the stress og normal to the critical section @ = 0: 


n and Qn are e defined as: 


ti) $2 (mt 1) (m+ 2) Baga; 2 


The constants D, are defined by Eqs. 9. 


how however, converges for for all values of r such that r; < 


«Sin 

pal 
the 
66.8 

ar 

4 

= 

— In | 
(13a) 

Pa : 

= 2,4, (130) 

re 
<7 because P, and Qn 


tha hes infinit yi hence, 
es infini yi hence, 


| P, 


Since the right- ner See mber of Eq. 14 represents a geometric series with a 


ratio less than unity, it converges, as does the left-hand member by the com- 


“parison test. . (For or a discussion of the properties of an infinite series refer to 
work of I. 8. Sokolnikoff and E. 8. Sokolnikoff."*) 


_ Even though Eq. 14 was derived from a nonconverging Fourier. develop- 


1: ment, it represents, correctly, the stress in the interior of the ring because the _ 
“singular” stress function on as given by Eq. 3, can be approximated by an 7 


arbitrarily close continuous distribution o*, fond hence a distribution whose : 


Fourier expansion converges), with Fourier coefficients a’, (For example, — 


wh Ps, 2P _ = cos (n 8); 
k 
which approaches o, as k approaches es as a*, approaches ——.- 
representation in the interior (Eqs. 10 and 11) for this distribution (deno 
we will be legitimate—that i is, symbolically, 


in which the brackets denote —— that the stress varies in | some explicit 
on ‘manner r with a any closed subinterval +e) =r =(r — 6), for 
7 _ arbitrarily small e, the” ‘power series is uniformly ne and hence varies 


= 


TABLE 1. Concentration Factor K; 


| o1 | o2 | o8 | o4 | | | | os |. 09 | 10 
1.1957 | —1.0136 | — 0.9936 
—7.5984 | —2:1215| — 1.3083 
|-9.8565|— 3.4642 


0.9800} —0.9602 | —0.9335 | —0.9003 | —0.8612 | —0. 8165 
1.0555] —0.9004 | —0.7546 | —0.5961 | —0.4181 | —0.2185 
1.8118] —1.0751 | —0.5572 | —0.0762 | +0.4273 | +0.9764 
5.3312] —2.3541 | —0.6877 | +0.6248 | +1.8859 | +3.2145 
—20.3107| —7.9905 | —2.4851 | +1.6168 | +4.3350 | +7.5288 


continuously with its coefficients,'*in™ other” words, as a*, approaches 
Limit o% = = limit F [a j= : F limit F [a,] =o 


which is a restatement of Eqs. 11 and 12. 


~The condition that r shall remain in | the interior or of the ring is an x 


"requirement in the foregoing , proof. If r = r= f, is substituted ‘in Eq 12, the 


13**Higher Mathematics for: Engineers and Physicists,’ by Ivan Sokolnikoff and Elizabeth 
Bokolnik Bokolnikoff, McGraw-Hill Book Co., Inc., New York and London, 2d Ed., 1941. 
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STRESSES 


never theless. value 
obtained, however, is snot 
actual stress under the 
(this stress is infinite, 
discussed | subsequently 
herein, 1 under “ “Discussion 
Wedge Action’) but 
7 should be interpreted as the 
limiting value for r = 
as tends to become zero. 
Numerical values or, 
carves of the critical stress 


terms of the “eoncentra- 

| tion factor” K, defined by 

= Eq. 12, from “which the 

| “critical stress is obtained 

by using Eq. Curves” 
of K expressed as a func- 
tion of r for various values 
of have been plotted 
in Fig. 2. The segments — 
of a loaded ring on which 
the stress distributions are 

r shown for each of the five 
values o of are in- 
tended to show precisely 

how the stress varies along 

_ the critical plane, the > edge 

of which appears as the 

| vertical axis of the plot. 

| The ty pical ‘Ting diagram 

Fig. depicts the i in 
“stress rectan- 


gle” showing the directions 
of the principal stresses. 
The numerical values of 
in Table lw ere computed 
five places, carefully 

checked dby duplicationa and 

s using various relations, 


‘and then rounded to four” 


= 
pita 


-40 0 20 40 60 80 100 120 140 160180 200 , ,i*“Theory of Elasticity,” by 


Values of K Co., Inc., New York and London, 


‘Fie. 2.—Srresses N Normat To § TO SECTIONS A’ AT a= AND t= = Ist Ed., 1934, 96. 


Timoshenko, McGraw-Hill Book 
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r from the center of a first to select 
GIL value of K in Table 1, and then to multiply by: a constant as given by - 


Qin. thick having the radius 7, = 10 in. and the inner 


radius 1 r; = lin. If the applied load i is 1,000 lb, what i is rats 
the value of the stress o¢ along the critical section 4 in. aa 


from the center? In this = 0.landr/r, = 0. 4, 


and Table 1 then g gives K = — 0.99 approximately = Since [ 
the load per unit thickness, P, equals — 500 lb, Eq. a 
_ — 500 X — 0.99 
Examination of the curves of Fig. 2 or of the data in 


Table 1 shows that the maximum tensile stress in the 


critical section occurs at the inner boundary r= 
-™ fact is most interestin 


in brittle as rocks | or “concrete, which a are in 1 compres~ 


sion and re n. Consequently, Fig. 4, showing the 
concentration factor K at the point r=" as a function | of r, hae | been pre- 
= to permit finding K for values of # other than multiples of 0.1. | . By r read- 


ing this factor from the curve it is then possible 
compute the “failure” ‘Stress of f rings with any 


ultimate failure lead per unit thickness, for 


in Eq. 11. Thus, in the foregoing example, K for 7 
r=r;,is — 6.4; and, if failure of the specimen tl 


curs at 6, 000 Ib, the failure stress in tension is 
4 610 lb per sq in. 
4 


Discusston or Wepce Action 


is certainly apparent from inspection of the 


stress distribution curves of Fig. that the Te- 

- sultant force over the critical section is : not : zero as 

_ should be required for equilibrium. — As a matter 


of fact, the resultant force is P/x for ea each diame- = ss “Values of 08 
ter ratio. This can be proved from the relation, Pe... 
‘TION Factor K atr = ri, SHOWN 
_ Fonction or 7 (P Is 


PER UNIT THICKNESS OF 

in whieh is the given by Eq. 6. This force is canceled, 
however, by an equal and opposite tangential even: arising from the oll 
stress, previously mentioned, directly under the load. The effect of a @ con- 
-centrated load in producing ‘a concentrated force at right angles has been 
discussed by various writers“ and is usually referred to as “wedge action.” 7 
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Also, as the diameter ratio # :/te) of the ring, increases, the “stress: 
distribution more ore nearly approximates. that expected from the linear bending 
theory of curved bars. On the other hand, for the smaller values of r;, the 
stress is practically uniform over the cross section except for the : singularity 
at the load and the high local stress concentration at the inner ‘boundary. 
_ It is of interest to consider the limiting case in which the inner radius, ty 
of ti the ring is allowed to approach : zero, giving in effect a circular disk. If 
7 r, in Eq. 12 and then if r; approaches zero: | 
+ 


4 On the other hand, if 0i is used in the stress 


across the critical section of a circular disk under Snsnaieal loads is obtained 
directly. The result is a uniform tension with a magnitude of arutia a 


| 


To 
_ q ‘This result agrees: with previous stu 


“concentrated diametral loads, the “stress at ‘the normal to ‘the load 
ses discontinuously 1 from the value 


— . Fig. 5 shows the coefficients mor Qn, Eq. 12, 
VALUES OF Pr as functions of # and r. These curves illus- 
vi trate the rapidity with» which these functions 
verge and also. provide : a convenient method for ex- 
tending the e stress computations to | 
values of * For more accurate work, the values i in 


Table 2: may be used. _ These e values w were e computed t 


| 


4 
a 


The ‘singularity under the | load quite 


je raises the question why, i in spite of the infinite value 
of the stress at that point, | a finite stress at r = = 
i should cause failure. ~ One explanation that is ad- 

: vanced i is that a slight plastic deformation occurs u un- 
der the load which causes such a redistribution of 
a load that the infinite stress over an infinitesimal a area 

is changed to a finite stress over a finite area. Le If 

; the material is as strong in compression as, say, con- 

crete, such a redistribution would not materially 

01 “02 03 04 05 affect the s stress satan appreciable distance from n the 

load. In actual tests, almost invariably, the failure 
ae begins at r = r; in the plane of the load and pro- 

gresses 2 along the line of the load to the outer boundary. 7 To show that failure 
begins at the inner boundary a number of tests were | stopped and the load 
removed in time to hal halt, the progression failure, leaving the the 
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. _ The ring test should be used with caution for concrete specimens because 
of the tendency of concrete to creep eal tensile stress. . Creep or plastic. 


‘TABLE 2 2.—TaBULAR VALUES OF Ps D Qn, Eqs. 12 


r=0.2 | r=0.3 | r=0.4 | r=0.2 | r=0.3 


5.78192 6.12487 | 6.56143,| 7.52293 d 13.48380 
0.36549 . 0.19602 | 0.73801 | 1.50703 

0.02474 , 0.00412 | 0.06193 | 0.28178 

0.00140 00007 | 0.00425 


“flow in 1 the rey region of the high tensile stress concentration at the i inner boundary 
may cause an _ appreciable redistribution of stress which, in turn, will make 
these methods of interpreting results erroneous. If the test is ‘used concrete 
specimens, the inner diameter should be large relative to the size of the aggre- 
at ate, to reduce the effects of the local conditions of of the concrete : at thei inner 


boundary, 


_ The plane disk may have an-advantage i in that the stress on - the section | 

‘through the plane of the load i is uniform. _ Nevertheless, the plane disk is not 

Seon as a test specimen because there is no point in n the critical plane 


where one or the other of the principal stresses becomes zero, as is desirable i in 
pure tension tests. 


APPENDIX 


~The following symbols, used in the paper, conform essentially to American 
Standard Letter ‘Symbols for Mechanics, Structural ‘Engineering and Testing 


— (ASA— Z10a—1932) prepared by a Committee of the American 


andards” Association, Society representation, and approved by the 


an arbitrary mathematical coefficient, with appropriate subscript, 
_as required (also B,C,andD); 
oefficient in the Fourier series; a, and a, in Kq. 2; 


a fixed upper li veaed for the coefficients P,and Qni in et 12 (see Eq. 14); 


— 
ess 
ing 
the 
ity 
rs, = i 

19) - _| | F=0.4 | 
19) . 2 | 0.24605 | 1.05981 | 2.70099 — 
4 | 0.00012 | 0.00713 | 0.07391 a es 
| 0.00027] .... | 0.00001 | 0.00076 | 0.01154 0.08570 
ler 
AIS 

— 
18- 
X= 
ite 
in 
ed 
ly = 

ue 
d- | = 
o- : 
= 
ea 
If 
Ag 
y 
re. = 
a. Fe 
1g K =a concentration factor; 


or in Eq.15; 


is in 1 Eq. 12; 
substitution constant (see Eq. 10) py 
r = radius; a polar coordinate: 
= inner radius: of ring; 
= outer radius of ring; 
= = diameter ratio; 
increment ofradius; 
angular distance; a polar coordinate; 
c= unit stress: 


: 


= Shear stress; Tre = tangential. shear stress; 
a function of r and 0 (see Eq. 6); stress s potential. 
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@ concentrated ultimate failure load, per unit of ring thickness; 
— 
— 
— 
sOl 
— 
— ~- 
4 


“AMERICAN SOCIETY OF CIVIL BNGINEERS 


LANDSLIDE INVESTIGATION A AND 
By HypDE FORBES, M. ASCE 


The | occurrence, cause, and correction of landslides a and earth movements 
‘in the Franciseo Bay ‘region of California a are described in this 
Examples | are cited of ql) a a shear slide e in which hy _ hydrostatic uplift o1 on an un- 

balanced slope resulted i in mass movement of the unconsolidated slope » material ; ly 


2 2) a shear slide caused by the overstress of clayey material on a slope that had 


absorbed a a water load; (3) a slide that t developed along t the contact | t betwee 1 
two rock formations; (4) a detrital slide caused by the saturation of 


soil; (5) : a detrital slide resulting fr from a a geochemical breakdown o 


“slopes; (6) a a slide of street fills founded up upon soils subject 


saturated ; @: a ‘detrital slide generated by earthquake sk shock; @) slides started 


by gr ound- water | Pressure; and (9) soil creep. : 
The methods used for. investigation, the | procedure followed, the” costs 


involved i in the corrective work, and the results obtained are described in the 
instances where fenton required the investiqntion and correction of 


slides. The geological a and ground-v -W rater - conditions that generate slides and 
ear th movements are treated in the pa paper, which demonstrates that such condi-_ 


“tions can be recognized and their effect predetermined. Plans for 
—¢ nstruction in such locations can include the e corrections. 


A localized, surficial ‘movement of earth ‘severe enough to. ‘destroy the 
structure of | the s soil, earth, » Or rock mass. involved, and any structure i in its: 
"path commonly compose a Landslides differ in intensity and char-— 
acteristics because of variance in the natural conditions through which they 


Ordinarily, the geologic structure and mineralogical sci of the a 


—Written comments are invited for immediate to insure Ge last 
discussion should be submitted by July 1,1946. | 
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Tock o or soil formations affected by a landslide will contain a clew as’ to the or - 
_= of movement and the e corrective n measures to be adopted. The bedding “slip 5 I 

planes within» one formation and contact planes between two formations | or the 1 I 


ala 


_ types of material are frequently the planes of slippage. In geology the term 
“plane” is used to denote “surface of separation,” ’ and the | sliding surface, al- 
‘though it is seldom a geometric plane, is commonly called the “slip y plane. “i 
‘Under the influence of certain forces and | conditions slip planes a are developed, 
and the material above the s slip plane ‘moves from one position of stability or 
condition of f equilibrium to a new position and condition of equilibrium. __ 

When a rock mass is fractured, as through earthquake fault movement, or 
oe 4 when it disintegrates through weathering, loose material n may ‘accumulate i in 


‘sufficient unbalanced weight to produce * “detrital” slides of dry material; or 


- water may penetrate the loose material and accumulate to the extent that a 


sudden n “shear” slide is generated. 


_ All manner of ground-water : occurrence, movement, and pressure phenomena 
involved in generating slides. ‘The minerals p present in some rock 
formations become readily hydrated in sented with water, producing a clayey ey 
material that deforms under load or begins to flow in a plastic state. The 
-~ is true of residual clay subsoil v which retains moisture normally to within 
a small percentage of its lower plastic limit, and the limit is reached by contact — 


= little additional water or by subjecting the mass to pressure or 


Soil technology, including a study of the physical and mechanical properties 


of the mass, may be of value i in the solution of a problem involving the stability 
of materials 0 on slopes as they exist i in 1 nature and as modified by construction. 


_ However, most of the laws and. experimental data in this field have been devel- 
= through the use of dry sand composed of from 95% to 99% stable silica. 
‘Sand is seldom found disassociated from silt and clay, which are largely com- 


posed of unstable hydroxides. and hydrous silicates, and most ‘generally found | 


containing water. Furthermore, products of rock disintegration are. 
subject to. physical change under the geochemical processes oxidation, | 


carbonization, and hydration. . This. change occurs more rapidly than is 7 


erally realized and results in n the accumulation of unstable masses. 


values, i is ‘of obvious but, in the case of ‘sliding and the 


pr prevention of earth movement, in loading ‘slopes or excavation of cuts proposed | 
in engineering construction, the experimental determination or assumption of — 


stability: factors is not recommended as a substitute for either r thorough pre-— 


- liminary investigation of all other determinate facts or the use of judgment | 
i: 


based u upon experience under s similar conditions. | 
Landslides may be classed a as. “shear” or “break i in the ground,” and ‘ 
tal” or “flow of loose earth,” or “deformation « of plastic material,” 


to the character of the material involved and the type of movement i in a given 
case. Shear slides develop as the: result of well-defined breaks through the soil 
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or earth along which the mass has been sheared. The surface of shear is the 
“slip plane and a single area may have e one or s several such s surfaces along which 
the material is sliding. - Shear slides ; are frequently associated with the 1 = 
balanced. slopes’ that remain after material has been removed from natural 
slopes. The ‘shearing force > may | be entirely the pull of gravity—that force for 

the particular slope being greater than the resistance offered by the cohesion 
and friction within the material involved. More often, however, ground water 7 
is the principal generating factor, especially when large bodies of material are 


For ‘example, when a stable mene of material, protected from water seepage 
ty a cover of topsoil and vegetation, is disturbed by excavation or grading, , 
rainfall: will penetrate and thus increase the ground-water content. YE Also, a 
-well- drained mass of material may have its natural drainage outlet o obstructed 
bye construction activities ' with the result that ground w: water bacl backs 1 ks up bel behind 
obstruction, thus increasing the ground-water content. 

_ The weight « of the he added water alone may overstress the e material in. in such 

cases; the fluid 1 may reduce cohesion and friction n within the) mass; the percolat- 


‘ing water may reach bedding planes or contact planes, acting as a lubricant > 
ate slides; ground- water levels may rise, increased 


— geochemical changes that weaken and owell the solid particles so mp 


under which si 


t 


urs throughout the sliding mass destroying its structure. Movement of the 
sce mass along the main plane: results i in an upper scarp ‘p and a lower heave 

Bs bulging which is characteristic. Borings show that, as a rule, slip planes : 
are cylindrical in shape and a segment of a circle in longitudinal dimension, but 
within the moving mass, as stated, there may be several such planes. - 
Each s slide r requires the datninalnadion of the conditions s unique to the area 
before plans are formulated for correction; but methods successful in one case 
may y generally bea adapted successfully to meet, the conditions encountered in 


j ‘other cases. For that reason it may be of value to detail the conditions and - 
corrective measures applied in connection with several landslides in the vicinity 


SHEAR SLIDES 


Examples of shear slides, cau caused by unbalanced slopes, usually y witha a change: 
q in moisture conditions, are afforded by e experience e along Monterey Boulevard; 
asker Avenue at Lone Mountain; at Market and Glendale streets in San — 
Francisco; ; along the State Highway, north and south of ‘San ‘Francisco; and i in : of 


some residential districts « of Oakland, , Berkeley, and Crockett in the San. 


Parker Avenue Slide in San I Francisco —This s slide occurred in the 


of December, 1935. ‘The maximum movement, shown i in Fig. was 
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cisco, Cauir., 24, 1935 


Parker Avenvz Suez, San F 4 


The noise was tremendous, street was disrupted, and the 


was: 


a maximum ‘height. of of 80 ft ft at the 

_responding heave of the downhill part. - The downhill heave carried that ein 
of Parker Avenue to a maximum of 20 ft above the finished grade, as shown in > 
‘Rig. 1(6). The area affected | extended about 450, ft east to west along tl the e axis 


of the slide (at right angles to the street) and from 200 to 250 ft north to south. 


In the preliminary investigation and exploration period of seven months, 


seventy- nine holes, totaling 2 2,855 ft, were bored. The drilling program was 


or modified as the work to obtain an accurate. picture of 
all subsurface conditions that may have influenced the movement. Water 


“levels v were measured i in 2-in. pipes set ina gravel backfill of the boreholes at 
—— intervals to determine the dynamic forces acting on the mass. _ 
This investigation revealed that t the > original, somewhat stratified wry 
broken. by internal shearing and ‘movement—a given ven strata not being 
4 subject to the same amount of displacement from point to point, but the mass 
B agate along a well- defined 1 sliding plane. Movement co continued throughout — 
the period of investigation so that the main slip plane was located definitely. 
Ground -water levels indicated three different water horizons, each affected by 
its own ‘drainage characteristics. Consequently, no single cr Oss section 
7 be drawn n, and the 7 position of the strata and water levels were studied by plot- 
™ contours of equal elevation from time to time. The approximate contour 
of the area before and after the slide is show n in Fig. 2(6), 
- The landslide w was s produced by a a combination of causes, both outed and 
4 rtificial. | The natural causes were: The mineralogical and physical character 
0 of the serpentine bedrock of the region; the topographic « dev elopment of that | 
bedrock under the attack of ‘ground | water; the character, w weight, and water 
; content of the the sand overburden; the position of the clay and other relatively 
impervious ous mater ial, developed in the e overlying ‘mantle of unconsolidated 


material; and the effect of rainfall net other accretions to caneah water upo 


Ae The artificial causes can be defined best by giving the sequence of engineer- : 
a ing events affecting the area. During 1919 the right of way for Parker Avenue 
_ was excavated to grade through the base of the Ww est slope of Lone Mountain. a 7 
_ No movement had been recorded for ‘fifteen years. Tile drains were placed 
along tl the right of way and the street pavement was completed that year. 
During 1931 the top of Lone Mountain was graded for the site of the San 
Francisco’ College for Women, and the excavated material was spread over the 
upper slope. Th January, construction of the college building | was 


completed, and the were e landscaped, with for watering the 


and upper dene did not the supporting or disturb its 
condition of stability, : since no movement was noted in the , succeeding three 


accumulative effect of water applied by the sprinkler system may 
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‘Approximate Ground Surface 4-19-39 


Approximate Location of Slip Plane—__ 
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During October, (1985, a subdivision west of Parker Avenue was graded to 
street level, thus ré removing the remainder of the ir rregular su ‘surface of the west. 
slope of f Lone | Mountain. | The new slope then became overstressed, and the 
first rainstorms that occurred thereafter raised the ‘ground- water levels, exerting 
an hydrostatic uplift—a moving fa ctor—on the already overbalanced ‘mass, 
Late in December shear cracks were noted i in the surface; and, within two days, 
| the mass gave way along a slip plane that developed sant above consolidated 
rock, not more than 70 ft below the original surface. 


Ca Water was encountered at s several horizons, the t two ) deepest being a bed of 


sand between two clay beds and the disintegrs ated rock surface below a residual 
clay. At both levels considerable pressure head was recorded. The remedial 


work that could be done by by the City of San Francisco was limited 1 to city-owned 
_ property. _ Accordingly, a tunnel was: driven into the serpentine bedrock in 
_ Parker Avenue, as shown in Fig. 2 At inter tervals show n in Fig. ~2(a), ten 


el 

vertical holes were bored, from the into the tunnel top. Through the 

- — overlying soil to rock the diameters were 36 in. and for the remaining depth, = 
through rock, the diameters w ere 8 in. The latter (churn- drill holes) were 

=. cased with an 8-in. - perforated p pipe, which was then extended upward to the ay 

through the 36-in. boreholes. The space behind Sin. casing was 

A partial dewatering of the ane tek the relief of water — was # 
accomplished during the construction of these vertical drains. The discharge — 
from the tunnel reached + a maximum of e mgd. Since the completion of the _ 

_ present tunnel section, , the discharg ge has corresponded closely to the occurrence 8 
rainfall, decreasing during the summer months to about 100 gal o of. Ww 
per hr. Although the total corrective work planned has not been ¢ complet sted, 3 
te movement has been arrested, and the street can be reopened when works § = 


providing g additional safety factor are installed. 
Earth Slide at Crolona Heights in Crockett, Calif—Crolona Heights is a 


highly developed residentis al area situated | ona steep hill composed of a bedded 
‘= 
sedimentary formation in which shale predominates. The shale disintegrates 
~ rapidly 1 when exposed to_ the atmosphere or to alternate wetting and drying. 
§ The ‘he product of disintegrs ation isa clay that appears as soil on the hillsides and _ 
remains i in place in a state e of more or less unstable equilibrium for slope, 
moisture content, and load. Any change in one or more of those factors upsets 


the equilibrium, and are common over the hillsides each 


= 


winter, é 

_ The large, sudden, and destructive slide that occurred in 1 the early winter. * 

_ of 1936, was the result of geologic conditions | not observed at any other location. t 
A fault was found passing through the clay shale, approximately along wa a 
strike. = The shale involved in the faulting had been sheared and jointed so 

_ water had penetrated to a depth of | from 10 ft to 20 ft below its surface. Dis- - 


Y integration had extended to a greater ter depth t _— in 1 in the shale beyond the fault 
Very little free water was found by boring, or in the excavations below the 
surface of the clay; but the clay had absorbed and retained a considerable water 
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‘Samples taken from the boreholes on November 5, 1936, were tested 

for water content. The average > results for th the cross sections are noted ; at their 

in Wig. 3. if same tested for. other moisture 

130¢ 


: in Percentages of the 
oy Weight of ft Clay 


al 


Fie. 3.—Cross Section ALONG THE TROUGH OF THE CRoLona LANDSLIDE 
AT Crockett, —Cauir. 


11%— —all in relation to the dry Ww eight of the e samples. 
It was ‘as concluded that the water load had finally reached proportions that _ 
the material to shear. Cracks developed, allowing rainfall to ‘penetrate 
to the shale, and a sudden slide occurred along a slip plane developed i in ae 
that day above rock. The borings ‘made it possible to determine the depth 
Dis bo ‘Tock i in place and the } position and conformation of the slip plane. T The slip — ; 
fault plane was found to be at a maximum depth of about 15 ft below the surface >of | 
_ = | ‘the slide and possibly 20 ft below the original ground surface (Fig. 3). en 
ih _ Corrective work consisted of excavating to rock below the slip plane — 
: io was easily recognized by its striated and polished surface), installing a well 


casing preperforated over one half of its circumference i in the sound rock below 


liquid limit 35. 79% to 0 38. 96%; and equivalent, from 22. 39% to 
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the slip plane (see Fig. 4), and backfilling w ith tae _ to eal ‘ ft of 

Vertical ventilating shafts, consisting of perforated corrugated pipe, were 
left i in the backfill to aid in drying the clay. Reinforced concrete posts poured | 
in holes bored 12 ft into the shale retained the fill for the main access s roadway 


—Drain PIPE THE SLIP T 


y 

to the top of the hill and supported a garage. - Drains were , provided to keep 
surface water from accumulating in in the area, and the loose material over the 
r toe and street and sidewalk areas was removed; but . the upper slope below the 
oes was not brought ba back to its original grade and loading. During the 


intervening wet winters many small slides have developed at other points on 


neve Heights, but there has been no movement of the corrected slide. 
Plastic Material at Market and Glendale Streets, San Francisco. —The slide 
movement which occurred on. Market and streets in San n Francisco’ 
also. one caused by geologic conditions unique to the 


city. Each the street was and the pavement replaced. 
usual procedure for investigating subsurface conditions by borings was not 
- adapted to t to the hard 1 rock involved i in the movement. — In n 1940 and 1941 surveys 


were made of the s surface, | the escarpments 0 of the slide, a and the movements of 
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* the ground pall The —_n of these surveys are given in Fig. ‘5; and the remedial 


od works, the limits and contours of the slide, and the relerenee line for measure- 


Initial Readings 157.392! - 
65. 20' 8B 15.51' C 16.56' D 60. 


_. July 17, 1940- 1 1 40 


HORIZONTAL 


lark No. 1 


Fig. 5. oF REFERENCE Sraxes (SEE REFERENCE LINE IN Fic. 


6), 


excavated accordingly. The top 15 ft or so o of each ‘pit was 


a _ metamorphosed sandstone, a as hard as quartzite and as difficult to break. . 
= bottom sound rock was a basic i ¢ igneous s rock, Leemtepehin in the sandstone, 


which did not outcrop at the surface near the area . Between the two forma- a 
tions was a thick body of blue-black clay, the decomposition product of the 


basic: rock, penetrated to the rock 
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_— fractures allowed a more 
ready access of water and con- 

: 4 , tact with the basic rock and the 

* al intervening clay had been pro- 

2 clay absorbed excess” 

ater with each winter’s rainfall 


penetration, and became plastic 


"mitted the overlying rock load 
to slide” toward, and ‘push up, 
the subgrade and pavement of 
Market Street. The pits were | 
a completed late in 1941, as. the 
seasonal rains were beginning, 
water was "pumped from 


| 


them that winter. _ ‘The time of 
“contact b between the water and 
was: reduced | materially : and 
no movement was s noted except 


At that the water rose in 
iy the pits a and the pavement rose rose 


less than ‘in. ‘The pits were 


K grand - connected by a drain laid in a 

tunnel: and their bot bottoms, cleared 
sound rock, were lined with 
74 34508 soun roc were lined with 


\  conerete. in 1942. A collector 
—& the rock contact both ways from 

upper pit, and the | lower pit 
connected with a sewer er by 
Rock Ledge 410. gravity drain in a tunnel 


~ Zam der Market Street. pits 


“filled” with: crushed rock 
“A” Cut of ‘covered. “The work com- 
nd water has been discharged 


6" Perforated Vitrified 


_!Clay Pipe in Tunnel_y 


Mark No! 1 Top Strifger of Fence 


> 


i 
— to the sewer continuousl 


— 440 Torks.— 


ider- 
tone tities of material, and a cons 


Fig. 6.—Limits or THE MarKET AND GLENDALE SLIDE, able: area, the cost of corree- 
Saowrne Contours OF THE SLIDE, REFERENCE LINE 


ax 


— “hard 
linin 

>. 
— anal 
| 

tion 
“Ale 

— 
— 
— Bland 
| 

com 
— 
» 
Swell 
— 
— 


February, 1946 LANDSLIDE CORRECTION 


case varies with the of the area in motion and with the extensions _ 
- [ necessary to meet subsurface conditions and to provide drainage outlets. The 7 
e | hards serpentine rock encountered in 1 tunneling below the Parker Avenue slide. 


e 

ko : becomes slacked and swelled i in the presence of air, 80 that ¢ a reinforced concrete 7 

dining was: required. ‘This raised the estimated total cost of the tunnel to 

000, the incompleted installation as of December, 1945, costing 

33 [| $65,000. At the Market Street slide, on the other hand, the cost of sinking, 

| | : timbering, -bottom lining, and backfilling the pits, on a unit bid basis, was 

ie 7 _ $2,466. The tunnel connection and the intercepting drain connection to the + 
; . sewer on Yukon Street (see Fig. 6) cost $5,126 on a lump sum contract. Bees) » 

at A surface survey alone could not have revealed the geologic conditions — 

D, a fiecting the Market Street slide, but several other shear slides have been 

of _ analyzed as to the cause and to determine corrective methods by a geological — 

“sf survey. _ The experience of the City of San Francisco, i in landslide correction = 


— work, has shown that ta geological survey of surface exposures is a first require- 7 


~ shorten the time and thus control the cost of boring. ~ Boring records and 
of. samples ai are of little value if they are not collected by an experienced geologist 
can analyze them in light of the problem presented. 
Preventive and Precautionary Measures.—Because the City of San Francisco 
fréquently been sued for property damage resulting from landslides and 


er | _ because, more e frequently, the owner had no recourse in the event that his 
a pr operty | suffered damage, the late A. D. Wilder, M. ASCE, then Director “_ 


Sa - Public Works, was prompted to require that plans be approved by his depart- 
ment in relation to surface and subsurface drainage, stability of fills, and street 
subgrade of proposed subdivisions whose streets would be taken « over by the — 
city for maintenance. Among projects submitted to the writer for ‘investiga- - 
- tion in . October, 1941, was an area covering the e slope between Silver Avenue _ 
and Alemany Boulevard, six blocks wide and about a a quarter of a mile along 

Alemany Boulevard, with streets and utilities »s serving three hundred and eighty 


dwelling units. The slope, which was then being graded, gave some evidence 


f of landslide material in several places and a few springs issued from the surface. 
oe The cost of the preliminary investigation was divided between the city and 


subdividers. The borings revealed the fact that alternate beds of dune i. 


: sand and silty clay overlie a bedrock with an outcrop at an elevation 300 ft 

_ above the upper street level. Each sand bed contained water and the lower 
developed water under. at several points in line up the slope from 
. spring outlets. The need for drainage works to stabilize the area and to prevent 
landslides and the saturation of street fills was anticipated. — ‘This work was 
begun before the street and building construction of the “subdivision was 


‘The drainage system c consisted of a continuous perforated tile 900 ft aad 
laid in a trench from 4 ft to 8 ft below the surface in the sidewalk area of the 7 a ; 


- highest street of the subdivision and rising 35 ft to El. 180 city base. The 
- trench 1 intercepted the water in a series of horizontally bedded sands and ¢ clays 


which 3 yielded about 90 gal of water per hr in September, 1942. Three relief -. 
j 50 ft ‘apart, were bot bored at the end of the: trench—one to bedrock 
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EL 170 in ‘the water level the bottom of the trench 
work increased the discharge of the system to 180 gal perhr. ite | 
During the winter months, the discharge of the drain increased | until i in 
March, 1943, it was 515 gal per hr, decreasing again through the summer until 
in November, ] 1943, it was 2: 225 gal per hr. That the effective r radius of the drain 
is increasing is : evidenced by the fact that the discharge in January, 1944, was 
= 500 gal as against 172,700 gal i in January, 1943. The e comparable February 
"measurements revealed a total of 357,200 gal for 1944 as s against 204 204,800 gal 
for 1943 although the 1944 rainfall was less than that of 1943. ‘ Sab iit: i 
ee The drain is located close to the foot of the upper cut slope. © The tot total cost 
of the drain construction was $3,350 on a lump sum contract, which was very 
economical insurance. No saturation of fills, heaving of pavements, or other 
forms of instability have been noted, but those experienced i in these matters 


int the office of the > city engineer | know that the saturation of fills and develop- 


ment of water p pressure would have resulted in slides if the quantities of — 
> been allowed to accumulate ‘underground in in the area. 
_ Detrital slides in natural earth masses | have several causes. 
material will move after heavy rains have saturated or swelled then. a Un nder 
es: penetrate to, and will lubricate, ‘surfaces of 
contacting material ‘such as soil or clay over Tock (or soil over cls clay), which 
thus us allows the top material to slide. _ This action frequently exposes the 
_ subsoil material to moisture penetration that generates ‘slides. Kad Weathering of, B+ 
or r geochemical changes i in, earth or rock slopes so weakens the material that it - 
- moves under the force of gravity. — _ Earthquake shock has been the cause of an the 
initial movement in loose or sheared material of fault zones on) the West. Coast 
of the United States. 4s _ Examples of each of these types of movement are to be tn 
a Shaughnessy Boulevard Slides. —During construction, and after completion 


ind 1941, two detrital slides of considerable extent occurred during the winter _ 
7 months O’Shaughnessy Boulevard in San Francisco. surface | mate- 
rial became saturated, expanded, lost its cohesive properties, cracked, and slid — hal 
to the boulevard right of way. One a area is ‘retained by a high and heavy wall, 
but the material flowed over and around the wall. Another area involves the fs ne 
subgrade of the boulevard and the wetted material 1 moving along a solid surface = 
has forced the: "pavement upward during the winter and spring months—a = 
The exact contour ‘the solid rock or clay over which the latter slide —_ 
_ recurred each winter | could not be determined without an extensive and costly Fo 
boring program. Surface surveys were made and, upon the basis of the 
‘ experience gained in the correction of similar slides, , specifications w were prepared rai 
and a unit price contract was let in the fall of 1945 under which exploration drai 


and corrective work were done simultaneously. Three shafts "were first 
excavated at the estimated location of the axis of the slide. 
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February, 1 946 RECTION 
el The material that was within — 10 ft to 12 ft of the surface _— of 
loose soil and clay, carrying co considerable rock float which had vy ace in the 


along this plane had a tile drain parallel to the me a 

maximum depth of 7 ft below ground surface. 
is The bulge under the greater area of the pavement, however, was caused — 
_ byt the action of a clay subsoil when its moisture content increased above its 
limit each year. Apparently, the top detrital material became s saturated 
with rainfall penetration and seepage, allowing the water to reach the top of ; 
the clay subsoil, and thus lubricating its surface and generating surficial move-_ 

‘ment. was then in contact with the clay subsoil and absorbed by it; 
this clay became viscous. Movement, causing the bulging up of the 
"pavement, resulted from the integration of minute slippages between clay” 


a -_ depth to which water had been drawn into the clay and the bottom 
y the clay involved in movement was clearly perceptible in the shaft — 
‘The solid, dry clay into which the shafts were driven exhibited its original 

_ residual structure and characteristics whereas that involved in movement was. 


od obviously ‘ ‘remolded. an ‘The lowest point in the latter material was deter- 


‘mined from the first three shafts. ei A manhole was constructed at that point, 
and | thirty-four s! shafts, averaging 20 ft in depth, and two additional manholes — 


| “were excavated. — “The line of shafts was located along the axis and grade of 


- the slide, as its location and depth were revealed by excavation from point to 


- point. | The function of the shafts and of their crushed rock backfill was to 
draw the ground- -water levels down below the top ‘material and to consolidate 
the clay through evaporation of its excess moisture. 


» —Unir Costs oN CoRRECTIVE Worx, 1945; 


‘Drain shafts; including excavation, hand finishing the bottom to fit the drain pipe, | 
sheeting and bracing, of material, and backfilling with from 
__4-in. to 1}-in. crushed rock (per linear ot of depth) 
Drain tunnels, minimum section 15 in. by 15 in., connecting bottom shafts and man- 
is holes; including excavation, hand finishing the bottom for pipe installation, and 
al tamping the crushed rock backfill (per linear foot of tunnel) 
at 7 or r- drain; furnishing and installing 8-in. vitrified clay pipe; including the grout 
and mortar work necessary to en a tight bottom and a rigid support (per 
linear foot of drain) 
_ 4 | Manholes, 4 ft in diameter; constructed com lete with concrete foundation, steps, and 
24 other features in accordance with City Standard Specifications (per linear foot of 


beats The shafts were connected by short beni through which a perforated 
drain tile was laid, in a manner r similar to that illustrated | by t the Crockett slide 


at 
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irst clay and road fill to diseh The unit costs were as given 
Table 1. The tot sabout$11,00. 


_ LANDSLIDE CORRECTION Papers 
ie The bedrock core of the San Francisco Peninsula is a geologically ancient 
complex (Franciscan formation) i in which rock of sedimentary origin is meta- 
morphosed to v: varying g degrees through both intrusion of basic i igneous 8 magmas — 
and crustal pressure. The basic igneous dikes, principally serpentine, char- 
acterize areas in which gulleys have dovdeged: in the bedrock through the 
— geochemical | breakdown of the rock. Two such areas in the cliffs facing the | 
= 4 Golden Gate are producing slides that involve the El Camino del Mar subgrade 
and Phelan Beach recreation area, the serpentine hydrates forming a clay 
_ which, with the further absorption of moisture, becomes a viscous mass Moving : 
down the slope and carrying its overburden of dune sand and road fill. ai? ait 
_ ‘Thet Franciscan formation has been subjected to many periods of faulting, 
which is the fracture relief of enormous compressive stress although, for the 


part, the faults have been long “‘dead” and healed. In the area of the 


O'Shaughnessy Boulevard ‘slide, , however, a a healed fault zone was found in 
which the fault gouge, although consolidated through | time and pressure, was — 
subject to comparatively rapid breakdown in the presence of ground water, 
i in a blue plastic clay. Free water was found in the jointed rock of 

the old fault zone and under pressure beneath the gouge clay, which : made it 


ecessary to stabilize a considerable p: part . of the material by excavating s shafts. : 
i= depths — as as great as 2 as 27 ft and by flattening the gradient of the the drainpipe | 


7 There i is nothing unique about the rock formations of the San Francisco | 


- Bay area that makes them particularly ‘susceptible to the development « of land- 
slides other than the slopes resulting from the - topographic development. _ . All 
geologic formations contain zones of structural weakness and are subject t to the | 
attack of. ground water and weathering agencies. Ground water occurs rs 
such zones of weakness, in varying degrees, conditions, and quantities, often” 

| sufficient to produce local ‘unstable masses in which slides are readily generated. 
In fact, the ground movement along the slope that supports 0’ Shaughnessy © 

7 Boulevard is. the normal process of topographic development | common to all 
slopes and was initiated long before the boulevard was constructed. 
Rocks slopes disintegrate under the attack of weathering agencies to produce — 

soil soil i in place; or soil is moved to rock k slopes by wind action (as in the dune 

sand areas of San. Francisco). and the underlying rock then is disintegrated and 
_ decomposed by the geochemical action of ground water held in the overlying 


blanket. _ When the rock decomposes, the subsoil develops i in 1 place : as a residual 


clay. The soil cover moves down the slope ¥ whenever | its moisture content — 
a reduces cohesion and to less than the pull of gravity. This “exposes 
fresh: rock surfaces to weathering or underlying subsoil or residual clay” to 
4 ‘seepage, , the clay then being subject to some form of plastic flow. The process 
is continuous until a a new slope is formed upon which the m material will remain 
in a stable position. _ However, detrital slides have been generated in San 


- Francisco’ when fresh rock surfaces were exposed to weathering agencies and 
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aden support for x bedded m: materials was removed in excavating for 


_. Joost Street Slide in n San Francisco.— —Removal of lateral | support was the 
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cause of the Joost Street s slide i in 1928, when 1 two layers. of mater ‘ial of different 
7 character (sandy topsoil and sandy clay | subsoil) moved at different rates down a 
a8 slope whose lower toe had been disturbed by excavation on Monterey Boule- 
_ vard. _ The material adjoining the excavated surface lost its lateral support. 
and the topsoil started moving. T he structure of the topsoil was broken and | 
movement was accelerated during the winter when the topsoil absorbed an 
unusual quantity of rainfall. Water then could reach the ¢ clay subsoil to 
generate a plastic flow over solid | material. The movement extended up the 
slope until the foundations of houses on Joost Str eet, parallel to and above 
_ Monterey | Boulevard, were affected and the houses slid down the slope. a 
Broadway Tunnel Approach in Oakland.—Detrital slide development on cut 
slopes 0 occurs frequently in the San Francisco Bay region even when roadways = 
are cut through seemingly solid material. _ Dry soil, clay, shale, or rock com- 
posed of basic minerals all become weathered when they ar are subjected 4 
temperature changes, alternate wetting and drying, and "exposure to the 7 
atmosphere. The resultant disintegration allows the penetration of rain n water, 
adding welahe to the mass as well as weakening and lubricating the material. 7 
_ The cut for the approach t to the Broadway Tunnel in Oakland, Calif., was saa — 
_ The fresh cut, made i in 1934, on a slope of 1 onl, presented a a rocky surface, a 
ij It was brown in color because, in this crushed and sheared fault z zone, there was 
an iron-oxide coating on many joint faces of the hard blue rock. Moist areas 
on the slope | were characterized by the presence of partly decomposed rock. 
_ These clay pockets contained material that had developed polished and grooved 
t faces (slickensided) produced by the force of the internal swell in 


= Samples of the crushed rock k were obtained and tested for their action under a : 


hy dration. © The moist, clay from the clay pockets was placed on sloping sur- 
faces and further wetted. It was concluded, from these tests, that the rock 
7 fragments v would ‘break down to clay when subjected to rainfall penetration 
and that the clayey material would slide « on ‘slopes. at angles greater than 25°. 
The material of the cut slope did reduce to clay and slide when wetted each — 
winter, exposing new ro rock faces. ‘This is process was repeated a predicted 
d slope. of 25° was reached. The progressive development, from 1934 ik 
1941, toward the predicted stable slope is shown by three typical sections in 
Big. 7. - ‘The character of the slides generated and the breakdown of the prop- 
erty on the parallel and higher Buena Vista Avenue, with the destruction of 
 See,e as it appeared i in 1941 are shown i in n Fig. ' 8. Bs ‘This process occurs frequently 
along California highways. The rock at some “cut faces decomposes with | 
comparative rapidity and breaks down to clay” when 1 exposed to weathering 
and when penetrated by: water. ‘The clay retains moisture and inereases in 
volume to to a much gi greater extent than the rock from which it is derived. The 
_ inevitable result is that the clay cover slides progressively, each time uncovering ; 
fresh surfaces of rock. The process of deep disintegration | and decomposition 


advances with each cycle until the slope becomes stable for the ¢ conditions 
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Street Fills Placed on Unstable Materials or or on 2 Soils Subject to Saturation — 
Detrital? ‘slides develop slowly as s compared with ith th shear s! r slides and are seldom as 
destructive to streets and property. - However, .r, damage results when material 

subject to’ such movement is utilized as a foundation for fills or for the sub- 


ak 


House 


bia al Buena V Vista Ave. 


60 120 140 160 180 220 260 
: ‘Fre. 7.—Proaress OF APPROACH TO THE 


grades of | streets. Ani instance is afforded in San Francisco from experience on | 


Monterey Boulevard. The fill- supported pavement settles on the 


24th Street Slide —A fill Tequired for 24th Street 
- Burnham Street on the east slope of Twin Peaks settled from 2 ft to 4 ft each 
winter, disrupting the Burnham Street roadway to its: center line. When the 


fill slid down the slope pe to force a wave of saturated soil ahead of it, the founda-_ 


—? tions of three houses on 24th Street were destroyed, and the materiel piled 
: against the e foundation of of a fourth house at the end of the block. - 


&. ‘section, decreasing t to +P ft down and along the crossing streets. — Water under 


pressure was encountered at: various levels, the pressure being developed by 


_ the restraint exerted i by the overlying clay fill | on the the original surface soil. — The 
> ‘moisture content of soil samples recovered from parts of the fill, in July, " 1942, 
_was greater than the plastic limit, but no plastic deformation was found to have 

: occurred; the street surface had settled when the downslope part of the fill had 


1942 revealed a clay and rock fill 22 ft deep at the inter + 
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‘material. The base of the fill as well as underlying soil—a 

total thickness of from 4 4 ft to 51 5 ft—was saturated an and yielded fi free water. In 
many of the boreholes. along Burnham Street, the water rose to within 4 ft of 
the street level when the original soil was penetrated. purer 


cit 
alk area a. A total of ft 5-ft shafts, varying in depth 
«(8 ft to 35, ft up th the slope o of 24th 1 Street and both ways from the junction 1 man- — 
hole on Burnham Street were excavated by a half-yard clamshell bucket on 7 
44- ft boom. The shafts were 6 ft apart so that a column of earth w 
protection against movement. — Tunnels about 3 ft by 3 ft i in section connected 


as left as a 


the s shafts, a nd 450 ft of perforated tile drainpipe was laid a as a continuous drain 


Bn The drain was covered with a backfill of 2-in. to 3-in. crushed rock in the 
tunnels and to within 6 ft of street level i in the shafts. Three manholes were 
constructed to give access to the drain and to act as air vents at differing levels. a 
The lump sum 1 contract price for this work and for a short, trench-laid connec- 


y? 


tion to a sewer, was $18,750 in 1943, 


- the lowering of the free surface water levels in the boreholes. ‘The akions: 

of the system was as much as 300 gal per hr during construction; after the | 
- completion of the project and before the winter rains (November, 1943) the - 

discharge w was 100 gal per hr. The movement has been arrested and no recur- 

“tence of the settlement hes been noted. With the passing of time, as the 

circulation of air causes water to evaporate, the fill will become | consolidated — 
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Construction Control and Preliminary Investigation in Private and Public: 
Work —Litigation with private parties, concerning private property, i is a costly 
a factor in city government. To correct this condition in San Francisco, legisla- 
tion was initiated in a 1941, , by Director Wilder and John J. Casey, M. ASCE, 
then city engineer, 
fill, or dispose of waste material of specified minimum quantities. 
ia for ‘such legislation was | demonstrated in ‘February, 1942, when two 
‘persons were killed in a house destroyed by flowing mud. A body pad 
"material dumped ina gully above the house had become saturated and flow of 
a considerable quantity of mud so formed was the result. Many slides could 
have been avoided, final slopes of excavations could have been determined i in ; 
advance, the city could have been protected from damage suits and excessive 
“maintenance costs, and the property owner could have been protected—if the 
facts determined later, by necessity, in the correction of such occurrences had 
been determined before | construction was undertaken. Such considerations 
led to the adoption: of a program of preliminary | geological and subsurface 
in with the city’s for and free 


Earthquake Shock.—The Pacific the Waited States i is a region of 

seismic activity. Small earthquake shocks occur frequently, and the shattered 
rock of fault zones has provided material for slides on natural slopes. - The 
typical landslide topography along known fault lines in California is evidence 


of the that surficial | ground movements accompany shoc shock. These are the 


poten | interest from time to time. One such slide was investigated | because ; 
‘its effect brought about a a damage suit. "s It occurred in 1936 along the right « of 
_ way of the Western Pacific Railroad in the Altamont Pass. — _ Its cause and effect 
may be of interest in in connection with h West C Coast highway cuts. —i 
ad The railroad cuts in that vicinity | are excavated in hard, thin bedded shale 
at right angles to the bedding planes and with their dip 14° lean the horizontal 


the s slide. The shale consists of cemented fines rather than of 


an no water was in ‘usual. conditions that cause 

slides: were lacking i in this instance and no slide had occurred there since the 

railroad cut was completed thirty years previously. It was reasonable to 
- conelude > that the slope adopted i in excavation was , safe, that no deformation 
OF slide” would develop as a result of the « excavation, n, and that, the cut slope 
would remain stable except for superficial sloughing. ail, 


_ The shale formation is faulted locally, due to varying compression in ‘the 
geologic folding a and distortion of the entire area. These faults are numerous 


- of minor importance as a rule, having little significance in the stability of 
the entire mass. For: the most part, they cause no trouble in the cuts. How- 
ever, at mile post 60 an extensive fault with considerable displacement of the 
he beds cut across the shale beds i in ‘both the railroad cut and a fresh Btate High- 
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LANDSLIDE 

way cut on aeune opposite side o of — pass (see Fig. 9). _ The w west fault o of ‘the zo zone e 
made» up the west slip plane of the slide. | Vertical shears at the head of the 7 

slide were cross faults of the zone, and the shale within the fault zone was 
_:€ and jointed. Even then, 1en, considerable stress must have been required, 
under those conditions, to overcome the stability inherent in the mass due all 


tv 


4 

e 

Zone ALTAMONT Pass AS REVEALED BY A Hicuway Cot 

4 
ts natural state and ‘position. The character of of the ary ‘slide ‘material, after 


order to observe subsurface conditions, a number of holes were bored 


the main body had been removed, is shown in ‘Fig. 10. 
7 after the loose material was removed by bulldozer. Seven of them were 30 _ 


al in diameter, ranging from 10 ft to 20 ft deep. ‘The line of break was located; 
ed and, because the dip of the displaced shale beds could be observed from the 
ly to p to the bottom of these holes, it was possible to reconstruct the history of 
he the: movement. — T he flow of dry material occurred as an outward movement 
sol at the toe of the ct cut slope of the right-of-way excavation. This was followed by 
se flow along the west fault boundary and a breakup of unsupported dl material 
he toward the east boundary. ‘The rotary movement continued, involving a a 
Le mass of material overlying a bedding plane common to all boreholes and below 
which the material was stiil in place. The entire mass of shale fragments spilled 
pe Fe on a to the tracks from a wide hillside area as through a funnel. The flow would 
rs | have continued if approximately, 10,000 cu yd of loose ma’ material had not been 


the removed in clearing and protecting the tracks. | 
ous § ie A week before the main slide, a trackwalker reported a a heaving and tencting, 7 
r of of the soil that loosened fence ‘posts | and destroyed the right-of-way fence. 

This” led to the conclusion that the stress involved was in the nature of an 
the fF earthquake shock or series of shocks. The records of the nearest seismograph, an 
igh- Calif., sh howed two shocks with an an estimated epicenter not far 


an 
4 
| 


from the location to have occurred about a week apart, the second one at the 
time estimated for the slide. The first shock is believed to have overcome the 
stability of the mass, loosening it and causing it to heave and then to settle. 7 
The shock that followed a week later caused the actual flow of material, rend- ~ ; 
eens ered oo loose by the first, to be shifted from its position to the tracks. mays 


1a. 10. —Favur ZONE In A SLIDE oF THE RIGHT OF War, 
THE WESTERN PACIFIC Ramwar 


LI D s WATER RI SSUR ji ys 


Ground- water pressure is eet factor in the generation . of many slides, and 

it is the principal s and only factor in ‘some slides. — Road cuts | and 1 grading 
- operations on slopes have the effect of intercepting subsurface channels or zones" 
through which “underground water passes from higher to lower levels to be 
discharged as springs in a state of nature. Localized slides will erste in 

‘such areas, due to the pressure exerted by the water. ie 
yl Bernal Avenue Cut Slide Corrected at ut Arlington Street. —A localized slide of 
this kind occurred in the Bernal Avenue cut in San Francisco. >. The st surface of — 
the slopes of f the cut revealed an apparently uniform material. _ However, — 
landslides occurred at two points « on the west side. Asa temporary expedient, — 
_ timbers were driven into the slope and connected t to concrete anchors by hori- if 
zontal tie rods. Bulkhead timbers were bolted to the upright timbers. “This - 

arrangement failed and the slide continued. - The disturbed material was — 


saturated and moisture emerged | from the the wipes of undisturbed material at 
A line of test holes was bored through t the slide into the underlying material, — 
‘and water flowed from a number of the lower holes. Local saturation and water 
Sedat produced « deformation that had weakened and unstablized the material a 
~“ well below the timber bulkhead and the bottom of the cut. c Continued 
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| she gun aeeiiiil a retaining v wall ‘and some of the test borings. The 
latter were supplemented by others in which pipes were set for future water- 
pur observation; and the borings were continued i in line up the slope of the 
hillside for a distance of three blocks. The water level in the holes bored — 
through el clay into the disintegrated | rock on the upslope | sides of Arlington, 
and Laidley streets, parallel to Bernal Avenue, rose to from within a 
- few inches to within a few feet of 1 the sidewalk level. A profile along this line 
2. Arlington Street is shown in Fig. a . By observing the water levels in these 
- pipes, , the hydraulic gradient of the water that caused the ‘slide condition was 
= to intercept the slope of the cut, inducing flow from the lowest installed 
‘a. at an elevation 25 ft above the pavement of Bernal Avenue. The water- 
table gradient before and after the installation n of drain, 
|: relation to the position of the drain, is shown in Fig. 11. 


‘ha Additional holes were bored at right angles to the first line, along tl the 5 
parallel, and next i higher, Arlington Street; and water was found to be under — 


head in seams of fractured rock and along the disintegrated 


surface in line with the slide areas of f Bernal / Avenue eut. An intercepting drain, 
similar in construction to that described in connection with the Burnham Street 
and 24th Street slide, was laid in shafts and tunnels at a maximum depth « of Z 
26 ft (25 ft above the cut grade opposite 1 the Bernal | Avenue slide areas) along 
Arlington Street. : The length of the drain, in shaft and tunnel, was 460 ft, with 

an additional 340 ft of trench- laid pipe connecting with a sewer in Bernal - 


Avenue The work, which included three manholes, cost $16,880 ona lump 


m contract. 
The Arlington Street drain provides an outlet 1 for the ground water; it cat 


the water pressure that produced the slides on the Bernal 
iq ‘slope. _ The discharge amounted to 300 gal per hr when the works were com- 
a pleted in April, 1943, decreasing through the summer months to 133 gal is 
= hr in November, 1943. | The water levels in the observation pipes | 
were lowered almost immediately when the drain excavation and installation — 
approached their 1 vicinity. y. The saturated slide ‘material was drained slow ly by 
- shallow trench extended into it in 1944. Plans are being made for the 
ary’s s Playground Slide -—Another common form of landslide that 
_ Tesults from water pressure c concerns fills. . Lo “Loose or compacted fills have been 
= to pr provide streets or other level areas on hillsides without provision for 
_ draining ail the natural spring flow or normal ground water. _ Such water finds 
“its way through the soil along the contact of the base of the fill material or 
through ¢ disintegrated rock - below that soil. ea The hydrostatic uplift exerted a 
by the confined water against the base of the fill is the principal factor causing _ 


the fill to slide in some instances. 
i The St. Mary’s Playground slide was the largest slide of this type that has 


». 
occurred in San Francisco. The original fill was constructed as a project ¢ of 7 ; 
the U. S. Work Projects Administration (WPA). Loose material was dumped — PY 
over an area of about 80,000 sq ft, varying in thickness to 60 ft. Each winter 


parts of this fill slid down the slope until 1: 15,000 sq ft of the highest parts o of fo 
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a fill was lost. f _ The result of this movement, with large parte of the fill intact 


- ae Preliminary borings showed that the fill material was practically impervious 


Elevation 
Chenery St. 


210! Horizontally 
if _ Distant 


| 


oN 


Elevation, 


~ arlington St Drain 
Pipe Completed - 


Holes 


_ [Destroyed by Movement Jan. 1942 —> when the old surface soil or disinte- 
grated rock was penetrated, the water 
in Tose it in n the boreholes, in some holes to 


the fill. depth to bedrock, its 
elevation, the elevation of 


boreholes. The contour of the origi- 


nal surface > was not known. Its de- 
termination and the determination 


oft the source and occurrence of of <n a 
water r and water pressures 
would have required extensive 
bori ing program. A combination in 
volving exploration and correction 
igh Test Holes tions, and the writer accepted a 
11— GRADIENTS AND PROFILE OF fessional. service contract for i 1n < I 
Lanpsirpg, Wesr Sipe or BERNAL AVENUE, 1 d | f 
wie anp 194300 ™ vest igation ion anc esign a 


= 
| 
— 


ot and direction « of | a work contract let on a unit ‘basis. - This pr procedure anion ds 
18 The work was started in the fall of 1941 before the winter rains. 


exploration trench was first excavated from one side a distance of 25 ft into the | 


slide area, shown in Fig. (12 i his: trench revealed a buried contact of ser- 


= 


Fra 12.—LANDSLIDES IN Sr. Mary’ s Puayarounp, San Francisco, Catir. 


inte- - pentine rock \ with the siliceous sandstone making uj up the ‘slope beyond th e play- | 
rater ‘ground area. Decomposition of the serpentine rock had produced a “gully” 
es to in the bedrock surface which would not have been evidenced i in the contour of b 
se of the surface soil. The gully ‘underlay the easterly toe of the fill and» was an 
its important factor in the instability of the whole. Ground water was 
f the -centrated i in this region and was moving downward under head. The dis 
| the integrated serpentine rock below a blue clay was found to carry the greater : 
origi- 4 ‘quantity of of water under pressure, , although | seepage occurred from the original 7 
3 de- soil cover of the slope underlying the fill. 
ation | ie The depth to rock prohibited further trenching, and 30-in. holes were bored 
yf the at 5-ft centers, 20 ft to 35 ft ‘ft deep, t through the slide material and through 2 ft 
sures of disintegrated serpentine rock to sound rock. Grades we were established after 
mnsive drilling four ‘fill material was dry and stood without casing, 
onin- § 3 water encountered at the rock line rose to varying heights in each hole. A 
ection i Gin. red-iron casing perforated | one half of the circun mference, was laid as a 
condi- | j drain pipe in the trench, and was carried on yn grade from h hole to hole through - 

@ pro- “ short tunnels so that , wader was: drained off as the work progressed . The bore- 
r in holes and trench were backfilled 1 with crushed rock he 6 ft above the base of the 
design 2 and were were finished with excavated material. T _ first twelve holes and the ~ 
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_e meat the subsurface ‘ “gully” ” and produced a flow of ! - ) gal of of water 


per hrin November, 1941.00 


q _-‘The varying depth to sound rock below the original soil surface made it 

i impossible to to predetermine the line of the holes and still maintain the necessary 

grade. _ The location of each borehole depended upon « conditions found at 

grade i in the preceding holes projected. . The irregular route? so determined, 

was such that the drain did collect all the water er and relieve water p pressures, 
az varied in amount from place to place. e. A sec second gully was — 
between holes 20 and 23 and the flow increased to 72. gal per hr. The most 
*, — extensive gully development was found at about the axis of the side where the 
i Ww westerly contact of the intrusive serpentine rock with the silicious sandstone 
- was — _ The holes bored in the sandstone were dry, so a turn was made to 


The St. Mary’s area terraces on ills, 
terrace being 25 ft lower than the upper terrace. ‘The lowest terrace was 40 ft 
‘still farther down the slope above Alemany |! Boulevard. _ The drain | system rc 


completed by locating the line of boreholes along the edge of the upper terrace 
and placing the drain in rock at depths decreasing from 30 ft to 15 ft below the 
surface i in-a horizontal distance of 200 ft. An intercepting drain, consisting — 
of a 6-in. corrugated drain | pipe, was laid from 4 ft to 6 ft below ground surface 
along tl the upper « cut slope of the top terrace. The line of boreholes i in the axis 


gully were discontinued at the division between fill to cut, « and it was connected 


water from the - completed system has varied from 140 gal per hr at the end of. 
summer to more than 500 gal a” hr during the ms season. _ No further 


The quantities and unit ¢ ‘oft the St. t. Mary’ ‘slide contract let in 1941 


"aes ft, 30-in. drain shaft; per er linear foot of shaft. $ 2.95 

400 ft, Sees tunnels; per linear foot of PE 


to the intercepting drain by a pipe e laid in open trench. _ The ‘discharge of | 


— 
450 tons, crushed in. to per ton.. $ 2.35 
Two manholes, including 40 lin ft of 30-in. 


_ casing and covers; each manhole 


bial 
‘The length of the was limited the difficulty. of 
ing, by > the tools that had to be used in the cramped quarters at the se 


of 30-in. boreholes, and by_ the problem of anes of the material remov ved 
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ripe Drains svop an Earth Side, Lngineering News-hecord, April ¥, 1942, p. 


‘from the tunnel with a man working i in the space. However, “the ania 
‘system, even with borings spaced close together, is relatively cooncenieal andis~ 
best adapted to the correction of large active slides which would require a 
CC number of preliminary borings to establish the grade ar and contour 
of the contact between moving and undisturbed material or costly shoring to 


hips protect workers and adjoining property if open excavation were used. 
| Buccess of Remedial M easures.—The success of remedial measures is dem- 

onstrated by the fact that the slides have been arrested. To December, 1945, 
the | corrected slides described in this paper have passed through | one or more 
winter rainy seasons without any further movement or r signs of instability. 
‘The slides in which water r was: the moving force have been observed continu- 
ously, and the discharge « of their drainage systems has been approximated from 7 

periodic measurement. results of such determinations, and the corre- 
| sponding monthly cainfall record at the San Francisco weather bureau — 
= listed in ‘Table 2. For the Parker Avenue slide, in addition to the values 
f ie in Col. 2, Table 2, the followi te data for 1939 are presented to ) complete 

Discharge 
per 


te 
Soil creep is the type of of all soil- covered slopes: 


in in excess of 25° from the horizontal. — Soil creep takes place on natural slopes 
~ such as topographic canyons, and is entirely “the result of internal forces. 7 


/ During rainy seasons saturated or wet:soil cover, over rock surfaces, gravitates 
— when the forces of cohesion and friction are reduced below that of | : 
gravity. Downhill | soil creep ceases when soil dries sufficiently to overcome 
— the pull of of ‘gravity—that i is, as the forces of cohesion and friction increase. _ 7 
This common form of earth movement is evident over large: sections of every 
sidehill and, next to stream-bed erosion, is the main factor in the geologic = 
of ‘canyon-or | sidehill topographic development. 
AB a general rule, this movement is slow and is only destructive where the 
‘a involved in movement supports a fill, 1 roadway, or structure. Retaining © 
S walls alone may serve no useful purpose because the soil can creep to, and over- 


flow, the wall. This was: found to be the case with the Turk Street slides i in 


4 


‘San Francisco, and it is a natural action under natural processes. However, 

the City of San Francisco has been involved in damage suits as the result of 

such natural action. A sliding condition that developed on the slope above 
— Street before 1925 resulted in litigation; and the city, at that time, was 

: required to ‘purchase the | property and the houses damaged i in the movement. 

. The ‘slopes were flattened ed by y the re removal of part of the accumulated soil; _ 
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LANDSLIDE CORRECTION Papers 


shallow drains were i installed and an extensive area was | covered with asphalt 


block west of, the drain completed on Arlington Street in April, 1943. 

water has discharged from the Laidley Street drain since May, 1943, which : 
- would indicate that soil creep can be controlled if the moisture content is oy 

TABLE 2.—Di: E 

“Rainfalls ‘Parker Parker | St. Mary’s | Stonecrest | Bernal- 

Month |) Avenue CAV enue Playground | subdivision Stre 


| 


af 


— 
8.24 | 218,100! | 615 | 343,400 | 198,400 — 
6.71 233,500 1.95 | 302,000 349,000 
4.75 304,500 288/400 246,600 
4.05 285,700 | 1.88 | 260,500 | 114,000 
118 | 204,800 | 0.13 | 234,200 105,400 
0.01 127,600 013 785;000 | 108{000 
0.03 | 97,300 141,300 | 130,200 
75,600 | 99,000 107,000 
Beptember | T | 64,900) | 0.02 | 120,100 | 96,000 
October 0.93 = 57,400 «0.74 102,000 
| 49,400] | 0.80 68,100 | 114,000 
_ December a 7.29 101,800} 66,100 124,000 
*U. S. Weather Bureau Station, San Francisco, Calif.; T denotes = & 104 2, nothing 1941, bee 
ine lusive, nothin: recor use 


dewatered by works installed at lower ie 


CorREcTION SHoutp Be Basep Upon a THorovucH 
Experience is the only basis upon which landslides and earth movements 
can be predicted. In« excavation or foundation work, they occur under certain 7 so 
recognizable conditions. concerning the distinctive characteristics of 


movement, and the e topography developed through s slides, are informative; but 
correction can be planned in detail only after the subsurface geologic and 
_ ground-water conditions are determined. | Each type of slide and each set of 
conditions will present a particular problem | in ‘drainage, lateral ‘support, or 
_ rebalancing of slopes with or without retention. Corrective works will have 
to be designed to meet the determined ele: elements “ a given problem, and no 


a 
_ 
= 70,000 | | 126,600 | 72,000 mes 
56,200 | 0.18 | 113,200 | 93000 | 
46,900 | 445 | 95,500 102,300 | 172,800 | ...... 
December | 63800 | 287 | 118300 | 155,000 | 156240 | 
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February, 1946 LANDSLIDE CORRECTION 
geological survey, ‘together with e exploration boring, i is the first requisite 
in the determination of the subsurface conditions and physical characteristics 
of the material involved. _ ‘The saving in ultimate cost of the corrective work . 
will repay such preliminary work many times. For example, drainage works» 


were e designed for the slide at Market Street near Glendale in San eit 


ECTED (IN GALLONS: (OF WATER 1 PER Monts 


Rainfalle Parker St. Mary’ 8 Stonecrest Bernal- 


4. 
5.34 


108,500 
“96,000 
91776 
93,696 

135,120 | 

30,120 236, 500 


| August 
September 
October 
November 
December 


NNN) 


ik 

124 560 296,900 
116,640 | 258,900 ( 
133,200 | 212,300. 
123,120 187,100 


242, 300 600 val 372, 200 


SeesSeevess 


| 


E 


September 
October 


| 
| 


for St. Mary’s emnaiel (Col. 3) was 46,800 gal. In December, 1941 it was 108,700 gal; and in January to April, — 


‘described previously; and their cost was estimated at $25,000 before adeq uate 


investigation was made of the problem. — After careful investigation, — by 
is described in this paper, the corrective work was finally done ata 


standard 
cost of one fifth of that of the originalestimate,. 

Vow For determinations of moisture content and drainage characteristics, under “av 
some conditions of sliding ground, soil samples should be taken which are a 

representative _ of the full soil column over the area. | Ground- water sou sources» _ 
and | the seasonal water er levels ar and pressures” should be determined. If slip >, 

planes s are observed in an upper scarp, throughout, or at the toe of a a slide, | they va 

4 should be watched for in the borings. — . A series of such planes should be fol- — 

Er down carefully so that the bettons planes or the base of the present or q - 
prospective slide is recognized or so that the plane along which shearing has” 
occurred, or is to be expected, is located definitely. — Geologic conditions are 


controlling factors i in the ¢ of ground water, and | borings should be 
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made sufficiently deep to determine those conditions and the 
occurrence of the contained ground water. . Landslide corrective works have 
“d failed in a number of instances for lack of definite information on this score. 
Continuing I nvestigation During and After Construction.— —Considerable 
et preliminary borings have been made i in slide areas known to the writer, a plan | 
of works has been designed on the basis of such borings, and later the sub- 
surface was found to vary materially from that assumed on the basis of the 
borings. — Excavation for the construction of subsurface works should always 
_ be considered as a continuation of the investigation. The writer requires ise 
contracts or service orders in slide corrective work for the City of San Francisco: 
One covering the preliminary investigation, direction, and analysis of the 
exploration boring and a report with recommendations; one ‘covering 7 
‘spent i in consultation with the City y Engineering Department in in design, | prepara- 
tion of specifications (which are always made sufficiently | broad so that work 
‘wel 
needed to meet conditions as they are revealed | can be done on a unit basis or 
as an “extra”), and cost analysis of alternate plans; and the third covering time _ 
“spent in examining and directing the work of the contractor. 
‘Subsurface work in engineering construction must be considered in hed 
—ey nature of research, and it is necessary for ‘the investigator to o “feel his way. aa 
‘The data reveling from subsurface observation, boring, or excavation. 
Mecessary in the preparation and a adjustment of plans, for drainage, sloping, 
retention, stabilization. n. Frequently, boreholes in sliding ground will be 
cut by me movement on two or more planes in their depth. = If if the boreholes are” 
_ closed by the movement of a any part of the soil column along any plane, such ~ 
planes movement must be recognized and provisions must t be made | to 
the deepest movement as well as the: moving horizons in the column. c —* 
oa In slide corrective work eli saat upon whether the slide is one of 
shear or detrital movement. Shear slides must be stabilized by providing © 
works below ‘the ‘slip. plane. Detrital s slides can often be (a) 
Drainage ways in the upper dope: (6) shallow drainage facilities below the — 


- ‘ground surface; (c) excavation to reduce the slope; or (d) retaining walls along 


_ ‘However, when the earth’s : structure is once ruptured by movement and its 
_ surface is cracked so that water has ready access to the interior of the mass, 
causing it to swell and become unstable, or causing bedding or contact planes — 
below installed shallow drains to become lubricated, movement will recur. ' In 
all cases, once a slide is generated under : a force great enough to overcome 
stability | due to structural compactness and position of the material, it will 
- continue or recur under forces much less than the initial force. Earth slides 
are a menace to the : safety ¢ of life and property in urban localities or along road- 
until they a are corrected, properly and permanently. 
at 
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STRENGTH OF THIN STEEL 


The produ ction of light structural steel shapes a’ steel, by cold © 


_ forming and spot welding, necessitates the development of special design meth- 


ods a oman to the peculiarities of such members. One of the questions of 


e most practical i impor tance is that of the strength and behavior of thin, 


anges in compression. paper reports the results of, and ‘conclusions 


drawn from, an extensive experimental investigation of this problem The _ 
7 strength, general behavior, and deformation of two types of structural e ements 


pe 
are investigated—(A) members with compression flanges both of whose longi- 


tudinal edges are stiffened adequately (such as s top flanges of inverted U U-beams) ; : 


and (By members w with compression flanges only o one of whose longitudinal: 


‘edges i is stiffened (. as half. of a of an I-beam). Results of these 


tests are evaluated in terms of formulas and charts by which the strength, _ 


reng 
deformation, behavior of such members | can be predicted under 


decreased a certain. minimum, because of limitations inherent in the 


buildings, and for many secondary as floors 


with moderate loads in larger structures. 1 In view of the low loads occurring ~ 
in such members, available rolled sections are unduly heavy for the purpose 


and therefore are unable to compete w with other materials more adaptable t to 


such conditions. 
_ Nore.- _—Written comments a are invited fo for immediate publication; toi 
sion should be submitted by July 1, 1946. 


Asst. Prof., Civ. Eng., Cornell Univ. , Ithaca, N. 
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Rowover, great a advances have been made in forming structural shapes from : 
sheet steel which can be obtained in all desirable thicknesses. Outstanding 
- examples of this type are the ‘Many kinds of steel roof and floor decks that are 
q manufactured ‘in various shapes and with thicknesses r ranging from 14, gage 
(0.0766 in.) tc 24 gage (0.0245 in.). The development of automatic spot weld- 
ing has further increased the possibilities of using sheet steel for structural 
purposes. It i is now possible, technically and economically, to form extremely © - 
thin I-shapes by joining two cold-formed, sheet-steel, channels by automatic 
spot welding in the web. Other shapes, gach as thin-walled U-beams and box 
: beams, likewise « can be formed from cold- bent sheet steel. This development 


opens new ‘applications for the use 0 of steel in buildings: and other structures, 


and of spot welding make such members particularly waiatie for p pr vtabenntion. 
A number of design practices developed over the years in connection with 
- Bins usual rolled sections will need revision in their application to thin-walled — 
- members. — Although the problems of this kind are familiar in airplane manu- 
"facturing, t they are new to the designer of the conventional type of steel struc- 
“tures. bi) One of the most important of these problems is that of the behavior of 
thin steel members i in compression. — Thickness is a factor of ve very minor i im- 
"portance in members subject to tension; but thin sheets in compression will 
buckle at rather low v stresses. This fact must be e taken i into account in the 
design of the compression flanges of thin-walled beams or in the design of the > 
entire cross section of thin-walled columns. An investigation of the behavior 
and strength of such thin-walled compression members is ‘reported i in this 


paper. ~The findings | are based in part on those of other investigators in this 


field, por maa ware in airplane design, and in part on tests reported in detail 


types es of compression flanges" were investigated: (A (A) that are 
stiffened along both longitudinal edges such as the compression flanges of thin- 
walled I-beams with stiffening lips at the outer edges and the flanges of in- 

verted U-beams and box beams which are , prevented by the two webs from buck- 
ling out of their initial plane along both joints (that is, along both longitudinal 
edges) ; and (B) flanges that . that are { stiffened only along one longitudinal edge such — 
as either half of the compression flange of a thin-walled | -beam, stiffened only . 

: byt the web, but free to distort at the outer, unsupported edge. _ Ther ranges of 

dimensions for the sp specimens (identified onaere as types Aa and B) are given . 


t 
t 
f 


Tyre ComPRESSION STIFFENED ALONG Bom 
Notation. —The letter symbols introduced in this paper are defined whens 
7 they first appear and 8 are assembled. alphabetically, for convenience of reference, — 
in the Appendix. Discussers are requested to adapt’ their comments - to the» 
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THIN FLANGES: 


idth of Thin Flanges —The thin rectangular plate subjected 
compressive forces in the plane of the plate has been analyzed extensively by _ 
G. H. Bryan and ot others. | The theoretical critical stress. at. which buckling 


in which is the modulus of pis ’s ratio; is thickness of 
plate; 2 is the width of plate otlag gat to the direction of compression ; 


plate and the conditions of edge support. 


‘TABLE 1.—RanGEr or Fiance Dimensions (IN IncHEs) Fo FOR THE Two TYPES 


A 


4 


3.40 | 10.10 0.0237 | 0.1478 149 | 8.00 143 170.0 


loaded precisely it in the central plane. _ They use the “small deflection theory — 
of plate bending” ; that i is, they assume that the significant deflections at —— 
ling are of the acter of the thickness of the plate, or less. In. principle the | 


formulas are derived on the same grounds as is the Euler formula for eolama 


gid A Experiments, with plates i in compression, conducted d by several investiga- 


reveal, however, ‘a fundamental difference between the practical sig- 
_ nificance of the Euler critical ‘stress for” columns: and the critical stress given 
by Eq. 1 for plates. - Whereas long columns actually fail at, or slightly below, 7 


the Euler stress, plates supported longitudinally along both edges have been 


4 


found to carry compressive stresses considerably above ‘the critical. L. 
Schuman and G. Back summarize their experiments qualitatively as as follows: : 


“Tt is seen . that for only the very narrow and thick plates do the Bryan 
_ loads approach or exceed the maximum loads found in the tests. For the 


od 


wid wide, thin plates, the Bryan load is as low as 1/30 of the 2 Inaximum load * aon 


ei my ‘most of the plates the buckling [that i is, the formation of waves] was 
gradual * * * showing no sudden change. some of the thick and 
- ‘narrow specimens, however, there was no appreciable buckling until the 
load approached the maximum. Owing to lack of ideal conditions, such 
initial curvature, all plates buckled [but did not fail] before the Bryan 


§Theory of Elastic Stability,” by S. Timoshenko, McGraw-Hill Book Co., Inc., ‘York and 
London, ist Ed, 

| 4“Strength of Rectangular Flat Plates Under Edge Compression,” by I L. Schuman vy G. Back, 
Technical Report No. 356, National Advisory Committee for Aeronautics, 1931. $= | | Mea i 
_ 8The Ultimate Strength of Thin Flat Sheet in Compression,” by E. E. Sechler, Publication No. 27, ~ a 

Guggenheim Aeronautics Laboratory, California Inst. of Technology, Pasadena, 

" *“Strength of Rectangular Flat Plates Under Edge Compression,” by L. Schuman and G. Back Back, 
Technical Report No. 356, National Advisory Committee Ser Assonautics, 1931, P- 528. 
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© Phy sically, the difference betw een the significance of the critical loads al 
columns and for | edge-supported plates is easily visualized as follows: 
Once a column starts ‘deflecting at or near the Euler los ad, the de deflection con- 
a 
tinues to increase because of the i increasing bending moment caused by that 
same deflection. The column, then, fails very quickly, literally ‘getting 
| 
from its unrestrained motion On the other hand, in an ‘edge-sup- 
. only in the central par ts, the edges “sa 


cannot ‘ “get av away from its compression load”’ 
as that in columns. The central, more highly distorted, regions of of the plate 
decrease in their ‘resistance, thus throwing more of the total com compressive 
force | toward the s stiffened edges. The plate reaches the limit of of its carrying 
capacity only w vhen these stiffened outer parts al are stressed to the yield point. 
x This action occurs at a load higher than the critical —that i is, higher than that — 
load at which, theoretically, small deflections start to occur in the plate. For 
these reasons, in columns, a small deflection at the Euler load produces almost — 
4 _ immediate failure, whereas i in plates small deflections merely result in a redis- 
a tribution of the ¢ compressive stresses across the width of the plate. zc The “small 


” 


pression on a the basis of deflection 
. Attempts in this direction have 
failed to give practically significant results, except for 
the one case of the circular plate uniformly ecinpremed 
Fe the perimeter.® _ However, in 1932 Theodor von 
ASCE, suggested a semi-empirical ap- 


|. proach to this question which, subsequently elaborated 


by others, proved to be “extremely useful. Professor 
took account of the fact that, ina plate 


compressed beyond the Bryan stress, the contral strip 
(Fig. 1), most heavily distorted by wave formation, 

(b) CROSS SECTION cannot br be counted on to carry an appreciable part of — * 


r 


the ¢ compressive load. o the hand, two strips, 


se. 1—Tam 

Thus, with only the two strips of width b, each 

effective, ~~ actual plate of width } is equivalent. to the fully effective — 

“narrower plate | of e quivalent width b, = = 2 b, (Fig. By rather intuitive 


On the Stability of a Plane Plate Under Thrust iz in Its Own — “by G. H. re "Precesdings, 
Londen Mathematical Soc., Vol. 22, 1890, pp. 54-67. 

Buckling of the Circular Plate Beyond the Thrust,” "by K. O. Friedrichs ond J.J. Stoker, 
Journal of Applied Mechanics, March, 1942, p. A-7. wa nucin.! ate > 
10 ** The Strength of Thin Plates in Compression,” by Theodor ven E. E. and H. 
Donnell, Transactions, A.S.M.E., Vol. 54, 1932, p.53. ie 
**Theory of Stability,” by 8. Ti 

Ist 


a y Thus, while in the column field the Euler load is actually the maximum load a 

a a column can reach, for thin plates the Bryan load® is found to be of little - 
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analytic al rea reasoning this width w Ww was as assumed to be pts te oe 
= 


tests were made by ] E. Sechler’: 2 on n thin plates of v various metals. 4 
‘He found Eq . 2a to hold except that instead of the fixed constant 1.9 a variable — 
coefficient Cc resulted in better agreement with the tests. Thus: = = | 


T his | coefficient was found to depend on the parameter - ‘ EVs, (t/b) He 
(a) shows the results of Mr. Sechler’s tests, representing the experimental, 


alues of C plotted against this parameter. (The considerable scattering 
| | 


oF 


(@) EE. SECHLER TESTS | || 


‘Roticeable in Fig. 2(a) is a feature common to all thin 
plates and is probably caused by the ‘influence | of inevitable deviations from 
true shape of such specimens.) — ... Only for the very small values of the parameter : 
(that is, for extremely wide anil thin plates) does C approach 1.9; for the - 


a "“Theory of Elastic Stability,” by S. Timoshenko, a Book Co., Inc., New York and 
London, 1936, p.402, 
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‘THIN FLANGES 
remainder of the range a smaller C is applicable. In airplane design it is com- 
- = practice either | to use an average value of Cc = 1.7 or to” determine an 
value from the results of Mr. Sechler’s tests.!° 
aS ‘The tests by Messrs..Schuman and Back and those by Mr. Sechler were 
made on individual thin compression plates. _ To determine whether the 
equivalent width approach could be recommended for wider use in the field 
Of structural engineering, it appeared d desirable to institute further tests to— 


5 investigate : (1) Whether thin compression | n plates representing ‘component 

parts 0 of structural members 3 (such as compression flanges of thin-walled beams) © 
—- performed in the same way as disjointed, individual | plates; (2) whether a 
simple sufficiently accurate expression could be found for determining 
equivalent width for design p purposes ; and (3) whether such an expression ap- — 

= to of failure only or whether the same, or similar, ex- 
all pressions could be used at stresses below 

the yiel d point. (The o or riginal information 
by Messrs. von Kérmén and Sechler lead- 

ing to. Eqs. 2 pertained to failure stresses 

on only.) The test results are summarized — 

test series twenty-five inverted 

U-beams representing thirteen different 
types” of sections of the general shape 

oo shown in Fig. 3. were tested as simple 
beams with quarter- point loading. 
these specimens varied from 3. 40 in. 

(5.33 in., h from 1.49 in. to 2.46 in., and 

from 0.0237 in. to 0.0589 in. span 


Fic. was 80 in. for yr all tests, , equal loads being 


al applied 20 in. from either support. T 
& “in. strain gages were used. for ‘Strain measurements, mounted on the outer 
- jeans of the specimens, as close as possible to the web (see Fig. 3). In addi- 
tion to strains, midpoint deflections were recorded. Mechanical properties of 
the various sheet steels were determined from tension tests on coupons cut. 
_ from the steels from which the beams were formed. 2s Mase 
/ The effective width of the compression flanges of each specimen was de- 
_ termined at two different loads: (a) In the wholly elastic range—that is, before 


i 
. | _ the bottom site get flange began to yield ; and (6) at, or as close : as possible to, 


the failure load. For loads in the elastic range, the position of the neutral 
“4 axis was determined from the strain ‘Teadings. Once the location of the axis 


in which A, the subareas into which the is divided for con- 


Coes % ‘* Airplane Structures,”’ by A. s Niles and J. 8. Newell, John Wiley & Sons, Inc., New York, N. Y.. 
1088," Vol. 1, pp. 201 and 429 
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venience of computation and Yn) the distances of the centroids of these 2 areas: 
= the neutral axis. In Eq. 3a all q 


area of th the compression flange and, consequently, it it is possible to determine the | 


equivalent | width of that flange. > ‘For determining the equivalent width at the 
the neutral axis was again , ae STRESS | 
determined | from strain BOTTOM 
measurements. Inthiscase FIBER 
close to failure as possible, 


less below the ultimate. 
However, since the stress” 


view 
distribution at failure i is that 
ite 4, DISTRIBUTION IN AN SecrTion 


in Fig. 4(a),!4-15 Eq. 3a cannot be used i in this case. Since the stress at this stage om 


of loading i is of uniform ‘yield- point intensity over the entire section (compression 


above the a3 axis, tension below), the condition that the sum of all stresses over 


in which A, is ga for ‘the a areas below the axis and negative for those 


compression 


Once the equivalent widths were were obtained experimentally, the Cc 
r computed from Eq. 2a. These coefficients are plotted in Fig. 2(b) in the — 

same manner as ‘are Mr. Sechler’s data in Fig. 2(a). _ Comparing these two scull 


of data, the following conclusions can be drawn: 
4. ‘The experimental points i in Fig. 2 were obtained by three 


methods. ‘Mr. Sechler’s results (Fig. 2(a)) refer to ultimate loads of 

individual plates. ~ On the other hand, the points i in Fig. - 2(6) refer to compres- 
sion flanges re representing integral parts of structural shapes; and, whereas half of 

= latter 1 refer to ultimate loads (at the yield point), the other half are obtained 
. s stresses far below the yield point, ranging from 7,700 lb per sq in. to 21 ,000 lb © 
in. , depending on the shape of the ‘specimen. . Despite this diversity, the 

agreement between the: results of 1 the two ‘investigations is remarkably close. = 7 


way 


4 ae W hereas Mr. Sechler’s results (Fi ig. 2(a)) refer to failure stresses only 
= - the fact that the > points: in Fig. 2(6) obtained at low stresses are located in the — a 
2 ‘same general way as those obtained at the ultimate load indicates that Eq. 2b t 


aay “Strength of Materials,” by S. Timoshenko, D. Van Nostrand Co., Inc., New York, N.Y., 2d Ed., ‘ 
8 Discussion by George Winter of “Theory of Limit Design,” by J. A. Van den Broek, Piienbicahnila’ 
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can be used not only at the yield point but likewise in the elastic range, that is: 


in which sis a any y stress at at or below the yield point. = (Iti is likely that at: very low | 


ers the equivalent width so obtained is somew hat ¢ on the conservative side.) 


- Once the relationship between the coefficient C and the parameter indi-. 

. - cated ir in a Fig. 2is s rather firmly established experimentally, it appears desirable 
to express the equivalent width be in a simple explicit formula rather than to — 

‘éiminn it by using Fig. 2 in conjunction with Eq. 4. , For this purpose the 

averaging straight line was drawn in Fig. 2. This line was 80 drawn as to 
represent | the average values of both Mr. Sechler’s s tests (Fig. 2(a)) and the 

= tests. (Fig. -2(b)). The experimental values scatter rather regularly 


around that line. The of this line 


are 


G. 5. R= be/b FOR THE Case 0 Fs = 30, 000 Ls PER Se In 


— 


= as a multiple of the plate two 
_ parameters, the thickness- ye ratio ‘t/b of the flange and the strain 6 at the 
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‘The relationship expressed by Eq. 6 i is s shown graphically i in in Fig g. 5 for or the a 
ES: case E = 30,000,000 lb per sq in. n. and s = 30, 000 Ib | per sq in. . In 
Fig. 5 the ratio of the equivalent to the actual width, ,R, = { b./b, is plotted 
against the width- -thickness ratio of the flange, b/t. — In the 1 medium and high | 
| range of b/t the equivalent \ width ratio decreases with i increasing b/t, as would 
be expected. For the low range of b/t, however, be computed | from Eq. 6— 
decreases with decreasing» b/t, which is obviously ‘impossible physically. It 
be concluded, therefore, that Eq. 6, hich was: established from tests in 
then medium and high range of b/t, is limited in its application to that same 
range. (In series A the range of b/t tested extended from 64 to 170. 
adi To investigate the behavior of compression flanges with rather small width- 
b/t, speci: il series B of tests was instituted. The specimens 
were built-up I-beams formed by twochannels,of the 
general shape shown in Fig. 6, with width- thickness 
ratios: ranging from_ 14. 3 to 0. . The of 
widths, from 3.93 in. to 8.01 in. the 
7 from 0.0599 in. to 0. 1478 in. For each half of the 
web, whevens the other edge is stiffened by the meek 
down lip, contrast to the U- -beams of series A, 
“where both longitudinal e edges were stiffened ee = 
Beams were loaded in a manner similar to that of 
series A except { that the two equal loads were applied — enantio 
at distances of about 0.4 L from the respective supports rather than at the 
quarter points « of the span L. The magnitudes of the equivalent widths were 
- determined experimentally from strain-gage readings in the same manner as 
discussed previously. The results of this investigation are given in Table 
where average results s of two tests of each type of beam are recorded. - In 
/ Table 2, bis the free, horizontal Ww idth of half of compression f flange mene 
- betwee een toes of transition radii; . tis the thickness « of metal; and s 8 is 3 the stress, 
in pounds per square inch, at Which strain measurements were made to de 
= the test values: of be. The ‘ “test” values of b, (Col. 4, Table 2(a)) are a 
those determined from strain measurements; and the “chart” values are those 
- determined from ‘Fig. 7 for the b/t-values and | the s-values ¢ of the table. i ie 
- The e accuracy ¢ of the determination of b. is somewhat impaired i in this series = 
5 by the following fact: In these beams the > compression flanges represent : arather — 
F small percentage of the total cross-sectional area. _ For this reason a moderate 
— change i in the equivalent : area of the compression flange | will change the position 
of the neutral axis by a much smaller percentage than the area itself changes, 
and y will therefore cause a very small change in the strains recorded by the gages _ 
Consequently, the accuracy of ' determining be from such tests is much smaller 7 
than the ac accuracy | of the: strain-gage readings proper. 


‘The most important co conclusion to be drawn from the b e-values i /in Col. 4 
te 2(a), is that flanges | of this. type ai are fully, effective (6, = = b) for values of a 
b/t smaller than from about 20 to 30. From these values upward, the equiva-— : 


= widths b, are consistently ‘emaller than the actual width For small 
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— values _ b/t it appears reasonable, esteem, to draw a a transition curve from. , 

b/t = 25, for R =1, tangent to the curve representing Eq. 6 as is done in 

broken lines in Fig. 5. — Itis not unlikely that a more extensive investigation of 

b, in this range of b/t would show a somewhat different shape of this transition 

curve. However, since in this region compression flanges are nearly fully - 
i perser (b. close to b), the details of the shape of this transition line are of little - 


x In practical design the use of Eq. 6 in the medium and high range of ‘oft 

in conjunction n with the transition lin line in the low Tange just t discussed is s¢ some- ae 
what cumbersome. — For this reason the chart in Fig. 7 was drawn for design 
“purposes. * The curves in Fig. 7 allow the equivalent width b, to be read directly _ = 
for an any | ratio b/t and for any | Practically | important value of the stress 8. 10 ae 


| 


an and the straight parts i in the low range were drawn as lines tangent to the curves _ 

and ending at b. = = 25 for b/t = = 25. : (The poms of tangency, indicated by 
q all circles on Fig. 7, is found from 


+ 27. 265 — 25 ) 


wi with B = 30, 000, 000 Ib per sq in. , but it can also be use used for compression | flanges 7 
made | of > of other ‘metals. In this is case, instead of using the stress 8 s indicated by 


the r respective curves, the value E7/s E/s should be determined for the p particular: 
and the corresponding curve found in the chart. ar id 
- For the medium and high range of b/t the validity of Eq. 6, and of thecurves _ 
derived from it, appears to be well established by the tests ‘summarized in ~ 
 *Rig. 2. 0 Nevertheless, it is desirable to obtain more information on the low 
; range— that i is, on the validity of the straight-line parts of the respective curves. 
For this reason for all tests given in Table 2(a), the equivalent width ra ratios b., 
as obtained from. Fig. were determined and entered in Table 2(a). 
parison of these values (Col. 5, Table  2(a)) with those obtained from the tests 
(Col 4, Table: 2(a)) shows, a very exceptions, good agreement through- 
£. out thie range (see Col. 6, ‘Table 2(a)). _ Any significant deviations are on the 
erative side ; that is, the width, determined from Fig. 7, is 
equal to or somewhat smaller than that obtained from tests. For this reason 


, iti is believed that the chart, over its entire ire range, | can n safely be recommended 


practical use the findings incorporated in Fig. 7 | should enable the 


signer to determine: (a) The ultimate load for a a member ¢ of given configuration 


| 
‘ 
and he eg 
— 
| 
| &§ 
~ 
7 
4, 


cand ‘material ; - and (b) for yr such a a member, the deformation for a given loading, 

particularly the deflections of transversely loaded beams. In Tables 2(b) and 3 
Ee results are reviewed i in the light of these practical requirements. pa 
Ultimate Loads.— ascertain hether the equivalent-width concept 
Permits a satisfactory prediction of ultimate loads, Table 2(6) gives | the com- 
; parison of ultimate loads obtained from tests with those computed on the basis 

7 the full, unreduced cross section and with th those obtained by considering the 
equivalent width of the compression flanges. ~ Tension tests were made on 
specimens cut from the steel from which the beams were formed. _ Equivalent 
widths were then determined from Fig. 7 for the yield points | so obtained. 
"Section moduli $ were computed b both for the full, -unreduced cross section and 
for the reduced cross section—the latter by using the equivalent instead of the 


actual width of the | flanges. The ultimate moments were then 
ae ‘Table 2(b) contains not only the results of iia B but also those of a special, las 
additional series C of I-beam tests (types I-14 to I-20). These beams were lie 
shaped in a manner similar to those o of series B except that the tension flange | onl 

. was made about 20% wider than the co compression flange and the beams were 7 bes 
loaded at the third points. - The depth of all beams of series C was 8 in.; the : by 

widths of the top vecied from 4.50 in. to 10.10 in.; and the de 

from 0.0447 in. to 0.0755 in, 

" In Cols. 7 to 9, Table 2(b), M, is the ultimate moment computed from the too 

“section modulus of the full, unreduced cross section; is the ultimate moment par 

“compte from the section ‘modulus obtained by substituting the equivalent ‘the 

width of the compression flange for the actual width; M, is the average test- resi 

failure moment of the “Gdentical” beams of the given type. 

4 It is to be noted from Col. 9, Table 2(b), that the behavior of beams I-15 rea 


_ and I-17 is rather different from that of all others in that these beams failed at 
moments considerably above both M, and M2. These two beams were formed — 
of the same steel and this steel was the only o one tested v which showed the follow- 

ing peculiarity i in the tension tests: Instead of revealing a definite yield point: 
by the usual criterion of arrest of load or drop of the beam, this steel showed 
only a more rapid increase of strain with increasing stress at about 36,400 lb 
per sq in. In other words, the stress-strain curve of this steel had no hori- 

zontal part ist the yield point. The absence of this horizontal part seemingly . 

accounts for the fact that the outer ‘fibers | were stressed considerably h higher 

than the rather indefinite yield point, before the beams actually failed. — 

_ Astudy of Table 2(6) reveals that, in the low range of b/t, the difference 
- between M and M, for this type of I-beams i is rather "insignificant. — This is 

’ caused by the fact that the equivalent width in this range is very “close to the 

actual (b. is close to bin Fig. 1). Since, in | addition, the > compression flanges . 

are only a small part of the total cross ; section, a small change i in width changes — 

the section modulus only insignificantly. — In this range (say, to b/t = 40) both 


My 1 and . are rather close to M ‘somewhat on the ‘conservative side. 


Fe 
su 
ca 
‘| 
— 
— 
| 
| 
ar 
de 
ae 
wo 
a 
= 
= 
| 
— 
— the 
— 
— 
base 
Agre 
— 
(Hor other types Of cross sections, if the compression Mange represents 


THIN FLANGES © 


. - substantial part of the entire area, the reduction in width may become practi- 

cally important ev even in the low range of  b/t. le dane - 
b/t larger than about 40, becomes significantly and increasingly 
larger tl than M,, whereas M2 agrees with M; rather satisfactorily throughout this | 


range. If the values for the beams with b/t larger than 30 ; are averaged (with 


‘are = = 1.18 and M./M; : = 1.00. In other words, if beams 
t ‘this range were designed on the basis of the full, unreduced cross section, they oF 
— be underdesigned by an average amount of f 18%, whereas, if they are 
‘designed on on the basis of the equivalent. width, a satisfactory a and safe design 
similar comparison moments for the inverted U-beams of 
series A iss somewhat complicated | by the nonsymmetry of the sections. 
- Since the neutral axes of such sections are rather close to the compression flange, 
e stress in this flange will be rather low at loads at which the tension flange 
reaches yield-point stress. For this reason. the beam will continue to carry 
increasing loads until the top flange, and with it practically all the cross section, : 
is stressed to the yield point. ~The stress | distribution i is that of Fig. 4(b) and © 
only then does the beam fail. ¥ (This somewhat novel concept o of failure of steel 
_ beams has gained wide acceptance in recent years ar and was verified extensively 


{ by E. Volterra* and others. sa For the I-beams of series B and Cc discussed pre- 


“Symmery so that both “flanges reached 1 yield-point stress at about the same 


~ load; and, more important, (b) once the compression flange and a considerable 
= 
a part a the turned- dows n lips begin to _ the latter ‘become unstable and cause 


_ restraint of both edges of the compression n flange is is provided by complete webs 
which, , therefore, do not become unstable until practically all the cross section 
reaches s yield- point : stress.) For these Teasons the ultimate moments for series 


vil 


- Aare. are computed on on the basis of the stress distribution of Fig. 4(b) by ip 
outlined previously. 


¥ The symbols in Table 3(a) are the same as those in Table 200) except that. 
Mii is the ultimate moment reeninenes for the stress distribution of Fig. 4(6) for _ 


the full, unreduced cross section; and M; is the ultimate moment computed i in 

_ the same manner but by substituting the equivalent width of the compression 

fang for the actual width. A . study of of Table 3(a) rev reveals that M; in all cas ._ 
is considerably larger than M,, whereas M2 in all cases is in rather phir shan 

“agreement with the test value. The average values are: M,/M, = 1. 365 a 


. _ Summarizing t the results ¢ of these seveiity~< one tests on thirty-three different: 


ie: of I-beams (Table 2) and inverted U-beams (Table 3), it is notable that a 
conventional procedure based on the full, -unreduced cross section would 


Feta, of Experiments on Metallic Beams Bent Beyond the Elastic Limit, ” by E. Volterra, 
#ournal, Institution of Civ. Engrs. Vol. 20, 1942-1943, p. 1. 
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_ Deflections—Any rational method should enable the designer to predict 

not only the strength of his structure, but also the magnitude of its deformation 

under load . In this case, then, the equivalent } width approach should furnish 

a method « of predicting deflections of beams with thin, wide compression 
‘TABLE 3.— —Tests on THE or Beams; Comparison 
ACTUAL AND Computep V ALUES, , SpntEs 


— 
At Yield Point 


j In Elastic Range 
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flanges. For a it is to ‘compute, the moment of 


inertia on the basis of the equivalent width of the ¢ compression flange, 1 rather 
than on the basis of the full width, the equivalent width being determined fr om 
Fig. 7 for the stress corresponding to the load at which the deflection is desired. 


This approach, however, is somewhat approximate for the following reason: 


‘The stress in the compression flange of a freely supported beam is not constant 


along the sp span; it varies from zero at the supports to a maximum at or near the 
“Fig. 7 indicates that the equivalent width decreases: with increasing 


stress. — ‘Consequently, a beam with constant, thin-walled cross section actually ; 
has a varying effective moment of inertia, depending on the local magnitude 


a the compression stress, with a maximum at the e supports: and a minimum at 
_ the place of maximum moment. - full analysis of the test data taking account 
this variation not only be « cumbersome but. would a also exceed the 
amount. of effort a designer may reasonably | be expected to dev 


- ing deflections. — For tl this reason, deflections for the reduced cross ‘section in 


Table 3(b) were determined for the minimum equivalent width—that i is, the | 


width corr esponding to maximum moment. In the tests of series A, because of 


quarter- -point loading, since the entire center half of the beam is stressed uni- 
formly by the maximum moment, the error so introduced i is rather small and 
the. results obtained should be expected to be somewhat on the conservative 
side; that is, the computed deflections oor be somewhat larger than the 


an In Table 3(b) deflections are compared at two different 

loads: (a) In the purely elastic range (at loads of from about 75% to 90% of 


those which « cause the bottom fibers to reach yield-point stress); and (b) at the 
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loads that cause the bottom fiber to yield. It will be remembered that at this _ 


latter load practically all the cross section including the top flange is stressed 
3(b) gives results of bend same > number of sp specimens of each 


= determined by ubetituting the equivalent width of ‘the compression 
flange for the actual width; and d; is the deflection measured in the test. Pa = 
Table shows that deflections computed from the full, unreduced cross: 
‘pection throughout are . smaller than measured deflections, p “particularly for the 
larger values of b/t. _ On the other hand, deflections computed on the basis of 
the equivalent - width agree very y satisfactorily with the measured deflections 
throughout the entire investigated range of b/t. 

A similar comparison for the tests of series B and C is less revealing in its 
details. _ The b/t-ratios for these series are rather low (see Table 2(b)), causing 
the equivalent widths to be only slightly smaller than the actual widths. — 
Aa, the compression flanges of the I-beams represent a a much smaller part of 
: the cross section than do those of the U-beams of series A. For both these - 
reasons the moments of inertia of the beams are little affected by | the decrease 
of the equivalent width—indeed, less than the section moduli of these same 
beams. T herefore, only the average values of the deflections in the elastic 
are given for these two ‘series. For the beams of series B and C with 
b/t larger than 30 (that is, those for which the difference between equivalent 
taal wide is at all significant), the following averages were found: 


d,/d, = 0. 925 and do/d; = 0.996. For these beams, too, the deflections com- 
puted from the | equivalent widths agree much better with the measured ones ~ 
than do those computed from n the unreduced cross section. - (In analyzing the. 
deflections « of series B and C, account was taken of the part of the total deflec- 

4 tions caused by shear stresses. This part amounted i1 in some beams to as much 
as 6. 1% of the total deflection. In the tests of series A the part of the deflec- 


tion caused by shear is negligible because of the large span: depth ratios of 


ALU 


Summarizing, the determination of deflections from the unreduced cross_ 

section would lead to a design which (just as with regard to strength) is in 
ror on the dangerous side, whereas deflections determined from the ame 


loads less than the ultimate. 

ulti nate the amplitude of these approximately quadratic ws waves, however, was 
so small that the distortion produced could not be considered of f any structural : 
"consequence. In fact, s so minute was the distortion that it escaped photo- 


“graphic recording, although wave formation could be touch was 


Failure occurred when one of the waves de into a definite: 
such development o occurred 
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views of such beams in the medium range of b/t (I- 15 and I-17, Table 2) after 
failure are given in Fig. 8 . The local, wavelike distortion of the compression 
“flange i is s clearly } visible. _ It is also noticeable that adjacent parts of the flanges 


are undistorted : minute w aves, which, before failure, were 


present over the entire flange of the beam between did not cause 


resulted in failure. ‘Turned- -down lips straight up to failure 
Toads, except for the widest of the ‘beams (I- 19 and 1-20) i in which the ips 
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- Elements of this type occur in I-beams or channels not farnished with 
sti iffening lips at the outer edges, so that flanges are stiffened by the webs s 
along the joints of these two elements, but are free to distort out of their planes 


att the other, unstiffened edge. 


m To investigate the behavior of such flanges, two series of tests were made: 
-beams (designated t by I- -B); and (2) struts (designated by I- 


1. In series D, seventeen types of beams of the general shape shown in Fig. : 


-9(a) were tested—principally three ‘ “identical” specimens of each type. Most 


of the beams were 8 in. deep; a few of them were 4 in. deep, within denies 
tolerances. W idths of top 
flanges ranged from 1.43 in. al 

to 9.90 in., widths of bottom 

flanges from 1.93 in. to 10.18 

_in., and thicknesses from 0. (sens 
in. to 0.1035 in. The beams — 
were tested on various lengths 
depending on their 
width, to avoid beams so — 

_ were loaded by two equal loads, symmetrically located 1 with. respect to the center — 

: of the beam, at a distance from each other varying from 21 in. to-36 in. “Vidmate 

7 loads, deflections, and strains were measured in these tests in the same manner 
al 2. In series E, twenty-two ) types of struts (designated by 1-8) of the noe 

7 shape shown in Fig. 9(b) were tested in compression—mostly three ‘ “{dentical”’ 

4 specimens of each type. The narrower struts were 2 in. deep and the e wider . 
ones 4 in. deep, within shaping tolerances. . W idths of flanges ranged from 1. 56 
a a. to 12.00 in. ; thicknesses, from 0. ).0368 in. to 0.1077 in.; and lengths of struts, 
from 15 in. fee those with the narrowest flange widths to 63 in. for those with 

7 = flange widths. The struts were tested with end attachments providing - 

_ knife-edge support centered as precisely as possible in the plane of the web; 
and the aforementioned lengths were so adjusted as to keep the L/r-ratio in the 
direction ¢ of the least 1 radius of gyration within the “Tange ¢ of from 35 to 50. 

_ than due to local failure. , Asa further safeguard against failure by ae 
or ‘column buckling, deflections were measured ai at ‘midlength both in the direc- - 

“tion of f the web and to it. Thus, eccentric loading and 
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_ procedure, in n conjunction with the small L/r-ratios insured the full dev al 
ment of local compressive strength rather than over-all buckling strength i in : 
these tests. In addition to ultimate loads and deflections, strains were measured z 


by applying two 8-in. gages opposite each other in the center line of the web 


Since the results of both series series of tests f tests with regard to > the behavior of the 


~ compre: ession ‘flanges: were identical, the strut tests will not be separated from 7 
_ the beam tests in the following discussion, except: for r the no nomenclature. = 
General Behavior | and Types Of Failure. —tThe tests revealed three rather 
different types of behavior under load : and of final failure, depending on the 
ratio b,,/t of the compression flanges, i in which b, is the free projection of com- 
pression flange, measured from t toe of radius to outer edge. 
an Flanges i in the lowest L range of by/t, up to about. 12, as expected, failed by 
‘simple ¢ gradual yielding with little or ne no distortion perpendicular to the plane 
Flanges with b,./t in the range of from 12 to 33 behaved and failed ina 
I manner illustrated by Figs. 10(a), 10(6), and 10(c), in which a strut specimen | 
-10 with = 27. 1 is shown i in three consecutive stages of loading. 
7 ys ‘Fig. 10(a) shows the stud under a low load of 1 kip; flange f faces are plane 
. and their edges straight except for slight inherent i inaccuracies obtained i in the 
forming process. Fig. 10(b) shows the stud under a high load of 14 kips, with 
no perceptible distortion of of the flanges. Ata somewhat higher load (16 kips), 
“4 definite distortions are seen in the upper part of the front flange | of Fig. 10(c). 
These “kinks” are purel ely localized, the re remainder of the flanges being essentially — 
undistorted. f The strut failed finally at. a load of 18,600 lb after developing — 
some more e kinks of the same character. _ This s strut and other struts oe 


larly i in n the 1 range e of bu / t from om about 20 to 33) carried considerably larger loads 


load at such kinks first at must be regarded as limit of shrectard 
usefulness for the particular element, and the subsequent discussion, therefore, 
is based on this local buckling rather than on the ultimate strength. = ma = | 


Finally, com compression flanges i in the range of b,,/t from 42 to 109 (the largest 
ratio of all ll specimens tested) behaved in the manner illustrated in Fig. 11. 

(No data are available for the r range , of b.p/t from 33 to 42. ) Fig. 11 presents | 

™ views of a strut specimen I-S-15 with b,/t = 42.6 under i increasing load ; and 
Fig. 11(0), with a load of only 1 kip. applied, shows the flanges being plane 
except for slight manufacturing distortion. However, at one half of the 
: Rare - mate load, ‘Fig. 11(6), taken at a load of 21 kips, shows slight regular waves 
beginning to develop in the flanges’ along the entire length. At further ine 
— creased loads (31 kips and 39 kips), Figs. 11(c) and 11(d) show the amplitude of 

- these waves gradually increasing, the regularity of the pattern ‘being preserved. 
‘Finally, the strut failed at a load of 42 kips; and ‘Fig. 11(e), taken | after — 

_ shows that one of the e previously developed waves had suddenly enlarged intoa 
"definite “kink” and produced failure. Whereas this pane strut did not 
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— any  pere ortions at Ic t loads le less th than an about 50° 50% of the t ultimate, 
a struts in the’ higher range > of b.,/t developed distinct regular wave patterns at 
much smaller fractions of the ultimate load, down to less than 20% of the 
ultimate for the largest values of 


‘The c compression flanges of the beams of series D behaved in ‘precisely the 
“same manner in the mane ranges of aii as did those of the struts of 


and can therefore be designed for "full yield-point int strength (for quantitative 
Flanges with by /t from 12 to about 30 (to stay slightly on the conserva- 


tive side since no data are available for the range of from 33 to 42) will remain 


undistorted and serviceable until sudden. buckling» (kinking) occurs in the 


flanges. Mm . Despite th the fact that t such flanges 1 may carry higher loads after kink- — 
; ing, the design criterion in this 1 range of b,./t should be the local buckling stress. 
= i % . Flanges in the still higher range of by/t, although capable of carrying 
considerable stress, become distorted so ) seriously at loads far below the ultimate 
lly useful used at 


The series of photographs in Fig. 11 is in still 


t illustrates: pictorially the e concept of the equivalent width of thin flanges. 
> ~ Regular, wavelike distortion does not preclude considerable « carrying capacity 
© the flange. On the other hand, a flange so distorted is not able to ¢ carry 


as stress as the same flange if it kept straight, say, system m of 


plane by the latter, will the 
—s . main part of the total compression force i in the 

flange, whereas the most highly distorted outer 

— regions carry a rather small part of this force. . 
ee ipa, ‘Precisely: this situation is idealized in the von 
‘Kérmén concept of equivalent width 
Fig. ‘Compression flanges with both edges 
stiffened, like those discussed i in the preceding — 


Fie. 12.—Srarss Over only being that there the amplitude 
‘THE WIDTH OF A STIFFENED 
of the waves is limited to much smaller 


by the combined action of both 


stiffeners as compared with that of flanges | with one edge free. The idealiza- 


47 tion of this situation by the von Kérmén ‘concept is, simply, as follows: In 

_ the case | of a flange w with, say, both edges stiffened, the actual distribution 
of compression stresses over the width is of the character shown in in Fig. : a 

‘For co: convenience of design computation, area under this stress” curve is 


replaced by the ‘equal area of the sum of the two dotted rectangles, 


altitude is the 1 maximum “stiffeners. Consequently, 
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‘the maximum —— stress of a beam designed or r analyzed according to 
this concept is equal to the actual maximum, and therefore governing stress of 
: the real, nonuniform cotton distribution—all that is required fc for a sneeee al design 


in which 


by ‘simple ‘yielding, | or by (bending) of the 
; specimen, or, in the case of specimens I- -S- -4, by an intermediate action between - 
kinking and yielding. In these cases the limiting stress was determined as — 
_ that at which irre gularity of behavior appeared as a marked departure from the 


neat line in in the load-deflection < curve and the load-strain curve. © An all 


actual load (for strut) or "moments (ior by the : area or section modulus, 
respectively. ‘These’ cross-sectional properties were ‘computed from the full, 
_unreduced dimensions of the sections. ‘The justification for this procedure i is” 


4, the of the tests for the specimens 
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vith b, less than 33. 1—that is, tor - those which showed sudden formation of 
“kinks (f (flange buckling) without preceding noticeable wave distortion. Table 4, 
therefore, covers the structurally useful range of bu /t. worn 
Ww In Table 4, by is the free pro, jection of compression flange n measured from toe 
ofa radius to the outer edge; s, is the ultimate strength computed for struts from 
8 = P,/A and for beams from s, = M./S, A and S, respectively, being the 
area and the section modulus of the full, unreduced cross section ; 81; is ‘the limit- 
- ing stress, computed in the same manner as 8, but from the cast loads at which b. 
local buckling occurred ; and Sic is the computed from Fig. 13 
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observed, the term “limiting stress” 1 S pape ains to that stress 
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at Type I- $-3 was the smallest in in cross section of all those given i in Table 4— ff ave 


its total flange width being only 1. 56 in.; its s depth, 1, 2. 01 in.; : ; and its’ length, : lbp 
- 15 in. These small dimensions made an accurate centering of the load | ex. 


tremely” difficult with the available apparatus and, in addition, made it im- ‘is 3 


13.—CHart For DETERMINING THB Loca. Bucking STRENGTH FOR A Given 


‘ - Pont 8y, FREE WIDTH OF PROJECTION bw, AND FLANGE THICKNESS t, as GIVEN By Ea. 10 


possible to control accuracy of loading by Measuring in the 

“direction of the least radius of gyration because the strain gages (see Fig. 10) 

— left no space for the deflection- -measuring device. The low value of sy as 

_ compared: with that of ‘$y seems: to o indicate that this strut was ‘subject to con- 

siderable bending caused by eccentric loading, which provoked premature 

failure as compared with pure concentric loading. 
Type I-B-3, the narrow est of those included i in Table 4, with 1a t total flange 

- width of 1.48 i in. and a depth of 7. 95 in., 1., failed very markedly by lateral bending 

ss to the large difference of the two peincigal moments of inertia) rather than 

by local buckling « or yielding. This is the reason for the r the low values of Su and 

Su in this case (see Table 4). 
In Fig. 14, the values of sit: plotted against b,,/t. curve 
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shown by the solid line. Eq. 9 gives the theoretical, “critical buckling stress 
for a long, narrow plate simply supported along one longitadinal edge and un- 
supported along: the other.’ Fig. 14 suggests that, in the higher ‘Tange of 
about 25 upward, local | buckling (kinking) « occurs at stresses equal 
to, or somewhat larger than, those given by Eq. 9. + At lower values of bw/t, 
however, buckling occurs at stresses considerably below This situation 
‘ ‘is analogous to that in the case of column buckling where failure loads are found — 
_ to be considerably below the Euler loads for values of L/r less than about 100. 7 
ae develop a procedure for predicting limiting stresses in this r range of f by/t, the ; 
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average yield point was computed from Table 4—specimens with sy = 49, 400 
lb per sq in. being excluded from the averaging b because of the high value of this 
_ yield point a as compared with all others. _ The average value of Sy 80 > obtained ; 


is 34,800 Ib per sq in. Since flanges with b,./t less than about 12 failed by 


Fig. .-—OBSERVED VALUES or BucKLING STRENGTH THE 
Ratio bw/t; Szrtms D anp 


yielding rather than by buckling, it seemed logical: to presume that the dotted a 


straight line in Fig. 14 ‘(starting with the a average 8y at b,/t = = 12 and ending a 
with s, at b,,/t = 30) would approximately represent the values of S81. . The e 
distribution of ¢ experimental points ar around that line indeed suggests t that such 
may be the case. ‘Fig. 14, however, is not sufficient evidence to prove the 
accuracy of this approach, ‘because the yield points of the test specimens a 
oy aried over a Ww ide range from 29,200 lb per sq it in. to 49,400 lb per sq in., whereas 
7 the dotted line in Fig. 14 refers to the | average yield point only. We a 
| If the assumption is correct that a straight line, drawn from s, at bw/t = 30 
sy at = 12, determines the > limiting Stresses satisfactorily, then the = 
7 limiting stress for each ‘specimen. should be found, according. to its particular 
yield point, from Fig. 13. (The equation of the lines: in 


between = 12 and b./t=30is 


] 

which the limiting stress can be ‘computed in 1 that Tange. . For the few 
‘specimens with b,,/t larger than 30, the limiting stress sc entere ai in Table 4 

ts the critical stress ; according to Eq. 9 (see also Fig. 14 14). ) The values so 
computed from Fig. 13 are entered wie the heading s; Sic in n Table 4 and a 


comparison 0 of —_eee the test values 8 given in the last column of Table . 
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This | last ast column (Table 4). reveals rather satisfactory agreement, except for 
types 1-8-3 and I-B-3. The reasons for the , peculiar behavior of these | two 
types was discussed previously. The influence of the yield point on the limit- 
ing stress, very pronounced in the low range of b,/t, but gradually decreasing . 
in the higher range (see Fig. 13), is well demonstrated by types I-S-8 and 
; - 13 with their unusually high values of sy. This indicates that a prediction 
- of failure stresses solely on the basis of the theoretical Se, as often ; attempted, 


is certain to lead to erroneous results. 


should be noted that the agreement betwe een test results | of “dential” 
specimens of the same type i is not. as satisfa ctory for flanges of this as for 


see Table 4), the maximum m deviation from the mean for a given type did 
‘not exceed +15% for fifteen types. 7 In the r remaining five. types the maximum 
deviation on the | safe side was” +30% and, on the unsafe side, —17%. The 
8 data refer to si. This scattering of test results, no doubt, is caused sed by i in- 
_evitable inaccuracies of forming and. nonuniformity of material. 
: give only | one practical comparison, the scattering is of about the same 
order of magnitude as that found from strength tests on concrete specimens 
- mixed to identical specifications and cut out of a finished structure”) oS 
Equivalent Width—From the discussion of Fig. 11, it is apparent that the 


stiffened along both edges but also to those. with o one edge - free. _ Therefore, 
- should not the evaluation of test series D and E be based on the equivalent 


areas of the compression flanges rather than on the unreduced cross secti saasadl 
wea dos T ble A? 


In an academic thesis prepared under the writer’s supervision, E. 


Jun. ASCE, has computed the equivalent widths from the | strain observations 
: of series D and E in a manner similar to that previously discussed i in connection 


Ww ith series A. This investigation was not limited to. the practically useful 


Tange of of b,,/t b but it included all specimens of these poms : with ratios of b.)/t up 


apt Mr. Miller showe ed that exy expressions ; similar to Eq. 6 could also be developed - 
eee we He e found that the expression, om 


7 


whieh in valid t about ETs accurately the 
average values found experimentally. Since re results showed considerable 
scattering, a more conservative expression was developed, which, with a very 
few exceptions, gives a good approximation for the lowest values of b, obtained 


17‘*Properties of Job-Cured Concrete at Early Ages,’ Report of Committee 107, Journal, AC C.I., 

1936, Tables 2 and 5, pp. 46 and 51. 

“—s _ 18 **A Study of the Strength of Short, Thin Walled Steel Studs,’”’ by E. A. Miller, a thesis presented to 

the faculty of the Graduate School of Eng., Cornell Univ., Ithaca, N. Y., in October, 1943, in partial fulfil- 
of the for the > degree of Master of Civil Engineering, 


concept of equivalent width must be expected to apply not only to = 
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the basis of these it is to in 
buckling stresses. by the procedure of the preceding section, the equivalent or 
the full, unreduced flange width should be used. This question, obviously, is” 
of greater practical significance for large than for small values of b../ t. It will 
_ therefore be investigated for the suggested upper | limit of the useful range of 
i,/t—namely, for b,,/t = 30. For this value the local buckling stress, accord-— 
ing to Figs. 13 and 14, is found from Eq. 2b to be 15,100 lb per sq in. For this 
value of s, Eqs. lla and for = 30 give, respectively, | b= 28.2 t and 
b, = 25.2 ¢. In other words, in in the practically important range of b,,/t the 
maximum reduction of flange width is only 6% on the average (Eq. 11a) \ with a 
maximum of 16% from the more conservative e expression Eq. 116. : 
_ Hence, in the range of byp/t to about 30, ‘computations based on the full, 
‘unreduced flange width are as accurate as can reasonably be expected—con- 
sidering that (1) the degree of scattering of the values of the experimental 
buckling stresses makes a . high accuracy of computation illusory ; and (2) | a 
| in width of 6% or even 16% results 1 in a: smaller reduction of 


‘computations without any impoovement of the validity of results. 
* Thus, Eqs. 1 1 appear to be practically » valuable only in establishing x the a 
| foregoing conclusion. _ They may | become significant i in connection with further 
analy tical research in this field, in testing future theoretical expressions for the 


evidence e presented ‘in this’ paper indicates” that the 


_ strength and general behavior of r of thin | steel compression flanges ; is s satisfactorily 
accounted for in the following m: 


Flanges Stiffened . ‘Along Both Longitudinal Edges. —Flanges with values 


of b/t to o about 25 were e found to fail by simple yielding, the full area of the 
flange being effective—that i is, , the stress is of uniform magnitude across the 
width. For: flanges with larger values of b/t, deflections and ultimate loads 


computed by considering the compression flanges fully | effective were found to 
eon the dangerousside, 
pe Replacement of the actual flange w width by an n equivalent width determined E 
from Fig. 7 “resulted in very ‘satisfactory, agreement between observed and 
computed ultimate loads and deflections . Locations of neutral axes, as 
termined experimentally from strain ‘measurements, showed good agreement — 
+4 


with: locations « computed on this basis. 
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Within the iia range of dimensions, distortions of such flanges at 
loads below the ultimate were very aan and of little, if any, y, practical sig- 
= 2, Flanges Stiffened Along One Longitudin nal Edge-—Flanges with ratios of 
@ - by/t to about 12 failed by simple yielding, the full area of the flange | being effec 


In the range of b,/t from 12 to. about 30, local sudden and Pronounced 
flange was found to occur at ‘Stresses from ‘Fig. 13. 


being” computed in all cases full, width. 

For practical purposes, however, it was held that loads resulting i in local buck- 
— ding must be regarded as reaching the limit of structural usefulness. fi at 
le In the range o of b b./t t larger than ab about 30, wavelike gradual flange distortion . 


was observed to occur r at stresses rapidly decreasing wr increasing values of 


oat From strain measurements it was found that the area of pe flanges was 
- only partly effective. ee his phenomenon resembles the behavior of the flanges 
‘under conclusion 1 1. An expression for the equivalent width, as determined 


te 
= from strain. measurements, is given in the text. 


Ct is not contended that the findings of this investigation, as expressed 
chiefly i in Figs. 7 and 13 necessarily represent the final answer to the question 
of the strength of thin compression flanges. _ Being rather analytically in- 


we ance 


of clined himself, the writer is perfectly a aware of the limitations inherent i in such 


purely experimental results, unsupported as as by : any more rigorous 

nl so happens, however, that the rigorous treatment of buckling of thin 

plates along classical lines of elastic stability" proved to be of little practical — 

value. The Teasons for this situation have been stated in 1 the paper. At 

tempts by various investigators | to go beyond the simple, classical approach 


have far failed” to give practically significant results and have led, in 


these circumstances the only feasible seemed to that 


inv estigations in the range in Ww hich the Euler f formula i is ‘aval. = he yen 
for ‘mulas then developed, mostly « of straight- line character, served their purpose 

_ rather well until such time as more accurate and more involved approaches, 7 

such a as the sec ant formula, could | be developed 

It is hoped that a similar situation may obtain with regard to the topic  . a 

_ this paper and that the limited r esults of this investigation may serve their J 


_ ~practical purpose until such time as more general and exact treatments will 7 


"Theory of Elastic Stability,” by ae imoshenko, McGraw-Hill Book Co., Inc., New York and 


Ist st Ed., (1936. 
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The te tests and conclusions reported herein are part of an extensive investiga- — 
tion of thin-walled steel structures sponsored jointly by ‘the American Tron and ; 
‘Steel Institute and Cornell University, i in Ithaca, N. X,? @ under r the general | 7 
supervision of ‘Prof. Ww Le Malcolm, M. ASCE, director, “School of Civil 
Engineering, the writer being in active charge of the work. The writer wishes 


raves 


to express his sincere appreciation of the ‘unfailing ‘and 
valuable suggestions ¢ of Director Malcolm and of the members of the technical 
subcommittee ¢ of the Committee on Building Codes of the Steel wer 
particular that of Milton Male, M. ASCE, chairman; B. LW ood; and F. 
Fahy, Assoc. M. ASCE. 
In co conducting the test work and the computations the wae was ably 
assisted by the following McMullen Graduate Scholars (in chronological order): 
C. A. Dunn, Assoc. M. ASCE; Capt. G. G. Goan, &. L. Lewis, and E. A. 
Miller, Juniors, ASCE; and R. H. J. Pian. ‘Their individual contributions, > 
are as” to time and topic, cannot readily be 
Ww to thank all these collaborators for their conscientious and 


dev oted and their many helpful ful suggestions. 


-APPE NDIX | 
Noration 
The following letter symbols, used in the paper, conform essentially to 


4 American Standard Letter Symbols for Mechanics, Structural Engineering and 


Testing Materials (ASA—Z10a— 1932), , prepared by a ‘Committee of the 
American Standards Association, with Society representation, and 


by the Association in 1932: Se ab + 


A = area of cross section; A, = area of one of n subareas; 
b= pod of a siete of type A A perpendicular to the direction of compres- 


on: 
4 


width ; 
= width of the free projection of a phen flange of type 
B, measured from the toe of the radius to the outer edge ; 
a experimental coefficient; as a subscript, C denotes ““com- 
= deflection, with sibeiiiate t denoting “by | test,” etc. ; 
E= Young’s modulus of elasticity ; 
h «ih of beam section; 


= span lengths; 


due to 
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eas = axial compression | load (Pu . = load at ultimate strength); 


= least radius of gyration ; 
= - computed stress; 
= critical 1 stress; 


81 = = limiting stress; 


= = maximum stress 
8 = ultimate strength; 


= yield- point stress; 
of plate; 


po distance ; Yn = distance to an area Ay 


a numerical factor depending upon the ratio o of length : to to width 1 of the 


plate and the conditions of edge 
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‘UTILIZATION OF GROUND- WAT ER STORAGE» 


IN STREAM SYSTEM DEVELOPMENT 


By] HAROLD CONKLING 


6 


HAROLD CONKLING, 18 M. Aw. Soc. C. E. 130__The scope of the ten discussions 


of this paper is broad. 1 Jarvis has an 


in Europe similar the United States. “Mr. ‘Hill has 
; developed the method of determining safe yield ‘from | pumpage , records which 
was ‘mentioned briefly as Case I under the heading, “Direct Methods of Safe 
‘Yield Determination.” Mr. Kazmann has discussed 1 ‘the permeability 
used by the U. S. Geological Survey, the same method which i is criticized by © 
Charles in his broad discussion. Mr. has made an interesting 
contribution drawn from his own experience Southern California. The © 
| method of causing recharge by means of a well which he describes is ingenious ~ 
eer worthy of note. | Mr.) Bradley also sounds a note of caution as to deteriora- 
tion of the storage capacity. of alluvium with the ‘passage of time. Mr. ‘Sopp - 
has § gone into certain phases of the legal aspects, and his as to his 


findings as to certain = nee should be noted. Mr. Baker and Mr. 


Sever: al have noted that the scope of the paper was too narrowly delimited 
fF inasmuch as the same principles apply to humid regions as well as to arid, and 
to industrial use as well as to irrigation use use. . Thi his i is true, of course, but even 
with 1 the limitation imposed the paper was long and, to the writer, seemed to 
“take .in a large amount of territory.” Had there been n no such limitation = 


paper, conceivably, could have filled four times as many pages. __ Presumably 


_ Norg.—This paper by Harold Conkling was published in January, 1945, Proceedings. Discussion on 
this paper has appeared in Proceedings, as follows: March, 1945, by Raymond A. Hill; April, i945, by a 
Clarence S. Jarvis, ard John'R. Charles; May, 1945, by C. W. Sopp, and J. A. Bradley} June, 1945, 4 
Irving B. Crosby, and September, 1945, by G. B. Drummond, Raphael G. Kazmann, Donald M. Baker, __ 
oe 18 Cons. Engr., Los Angeles, Calif. — 


& ie Received by the Secretary December 26 26, 19. 1945. 
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 CONKLING ON GROUND-WATER STORAGE Discussions 


; have been In addition, by such delimitation 


the writer had the considerable advantage of of discussing situations with which 


“he i is more or r less familiar 
; This closure is limited to discussion of methods of estimating safe yield, of 


“changes i in ‘Storage capacity of aquifers due to unwatering, and of ‘the legal. 
. phases ; which were brought into the picture re by the discussers. — There are 
. 7 methods of determining safe yield other than those 1 mentioned i in the paper or 
in the discussions, and i it is a disappointment that those most familiar | with i 

4 


them did no’ not contribute a » discussion. J One of the | purposes ‘of the paper r was to 
pr rovoke a symposium, as it were, of recent experience particularly in that 
_ aspect of the matter . Records of such experience other than by permeability 4 


methods sare generally no not given much publicity 
r In the paper, in discussion of the Hill method of direct determination of 


- safe yield under Case I, it was stated that the recharge 0 of the ground w ater 


must be > fairly uniform from period to period, whether the period were a year in 
‘length or or longer, for the method to be usable in any particular investigation. 
It was also stated that large annual variations in supply ie be “ironed out” 
by using moving averages: embracing sequences of years. In other words, it 


' would be naeaniaieg to use a ‘wuilidents number of years in in obtaining the averages 
that the recharge in period would be approximately | uniform. In 
: ‘Southern California » especially, and in most of arid California, ‘ing general, the 


periods required to obtain an approximately tends supply are fr ‘om tw a 
_ to thirty years inasmuch as the weather moves in “cycles” of about that length 
in which « somewhat more than half of the years are deficient i in n precipitation 


and somewhat. less than half have a surplus. I In the wet phase of the cycle 
almost all the years have excess ‘precipitation. In the dry phase almost all 
have deficient precipitation. Therefore, an inor rdinately large number of years 
must be taken to reach the e average, a and the period of record i is not long enough 
give a sufficient number of ave 


80 rapid, and 50 many changes have taken place during the period of ‘record, 
that recharge ofa , quarter er century ago may no not be. ‘comparable with present 


recharge. — Probably somewhat the same conditions are found in some other 
“— Regardless o of this, if the recharge to the particular portion of the a acquifer 
for which safe yield is to be determined i is by lateral percolation from a ‘more 


or less distant source, sO that inequalities i in recharge for different periods are 


averaged; or, if the deep percolation of direct on the overlying 


‘surface is sufficiently impeded by i impervious lenses of material so that inequ: ali 


ties from that ‘source are also “ironed out the method usable for that 
Ina large part of the coastal area of California, precipitation is large as 
compared | to that of the southern part of Central ‘Valley, and as compared to 


that of most of arid America. In much of the coastal area, also, the "water 
table is free. bs In other words, recharge is largely vertical, whether from streams 
or from direct precipitation, sO- the “Mecessary ¢¢ condition of equated r recharge 

cannot exist. In some par ts, however, , notably for some distance from “the 
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: ocean in the flat coastal p lains and also in some parts of the i 


z ‘Tf attempt is made to use the Case I method described by Mr. Hill in the 
areas: with large direct vertical recharge or with lateral recharge from a not 
sufficiently distant source, the result will be a series of points on the graph 
be obviously | can bear no relation to one another because they give the 
_ change in elevation of water table with the recharge of that particular period. 
| “Through each of these points, parallel curves may be drawn but there is no 
- criterion to guide the ; slope of the curves unless it should happen that some two | 
of them represent average recharge. 
The point is well illustrated by Fig. 8 in n Mr. . Hill’s dise ussion, in that 
recharge | from 1918 through 1926 was approximately uniform. Then condi- 
tions s began | to change and ser ies of curves are drawn through indiv idual points 
with slope | gradually - changing | from that which obtained in the above period 
to that labeled ‘ ‘present conditions” w hich | began in 1932 and presumably still 
exists. Something changed the recharge after 1926 and it did not. become 
static again until 1932. Mr. Hill states that the change was presumably | 


caused by movement along a major fault in 1927. | ‘The point is that if it were 


not for the antecedent uniform recharge, and the present uniform ‘recharge, 
there » w would have been nothing to indicate the direction of the intermediate _ 
curves. In Fig. 7, a successful application of the the method i is shown; but this is 
due to the fact that, in the area to 0 which the e curve applies, the endl 
fairly uniform as Mr. Hill suggests. This is because of the impedance to 


mov ement of water brought about by many els jay y strata formed a as the <7 


ever, that rethod i is not a very one ‘when the necessary 
exist, as they probably do over much of arid America. 
= Mr. Kazmann discusses the permeability 1 method of determining s safe y yield 
which is the subject of several bulletins of the U. S. Geological Survey. att 
consists of determining the permeability of an aquifer by pumping t tests, that is 
determining by application of Darcy’s law y the rate at which water will flow 
through the cross section of an aquifer. ra The method may be 1 used to estimate 7 


the yield of a a single proposed well, or of an entire aquifer, together with the 


exploited, to one it in which the water table is is close to the 
ground surface so that observations on the drawdown caused by ‘pumping the | 
test well can be measured by small test holes. . It would also be necessary for — 
the tests to be made at the least permeable ) Cross section of the aquifer, 

It would be difficult to use it in a large part of California c or in other parts 
of the arid states where the water table is far below the surface, because of the 
expense se of drilling the observation wells. . This might not be necessary if — 
- sufficient w wells drilled for production existed in proper locations; such a eaild 


tion would be pen. Anetine 4 difficulty would be the variation in specific yield 


as illustrated i in Fig. 5. a However, it would b be» useful i in many other : situations 
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CONKLING ON GROUND-WATER STORAGE Discussions. 
7 ; involving | the confined aquifers of the coastal plains of California and the he central 


parts s of many y valleys ‘not on the ‘coast, where the | gr ground water is confined, 
In such cases, where pumping has already reached considerable — 


_ 7 the Hill method also is applicable and the answer sec cured by: it might be more 


7 ‘dependable. ~ However, in this s case, probably it would be better to use . 
‘method s plus the hydraulic equation mentioned subsequently which gives the 


yield as a differential vr 
7 a Mr. Kazmann cites an interesting il illustration 1 of results by the } permeability 

method in Miami Valley, Ohio, where new drafts on ground water were suddenly 

imposed by the war. 
ie: On the other hand, ‘Mr. Charles gives | ves three illu illustrations of predictions of 

safe yield by this ‘method for water production zones in Pennsylvania : as com- 
pared to results. actually achieved. Actual sa fe yield as d emonstrated by 
experience was from two. to three times the prediction. Had industrial 


development been limited to that which could use the predicted yield, produc. 
tion of war material | might have been seriously hampered . The! fact that actual 
yield exceeded | estimated yield is perhaps corroborative of the writer's 
™ belief that it. is difficult to estimate the safe yield of a little exploited territory. 
"Probably in many cases, if “not in most, exploitation increases the recharge 


because greater opportunity exists ‘wher he welt table has been lowered by 


sg a The method of determining safe yield (that is, determination of drainabl ble 


voids” primarily) was “described by the writer at considerable length. Mr. 
-Kazmann seems to feel that the permeability method is preferable because it 
is more accurate. | However (leaving aside the moot question of ‘greater 
accuracy), as mentioned i in a 1 preceding paragraph it would be difficult, to apply 
_ the 1e permeability m method in much of the arid West because of depth to water 

table, changes in per the aquifer, and (not previously mentioned) 


in the residual which is is thes answer ‘sought. A variation of this used by some is | 
to calculate the deep pe percolation fo for reach rainstorm and | for ¢ each irrigation, and 
to measure the stream. percolation." T his is even more laborious" but good 


It appears that most, situations some one of the methods: of 


Absolute merit does not lie in an any one. i It dann appears s that the athe is “em 


the only determinant. J Judgment e enters into the matter to such an extent that 


it requires considerable experience to apply : any method. An important point 


to consider is that the books should balance. Calculated st supply and ‘disposal 
should be equal, and no estimate can be considered valid unless the balance is 


pom ‘Under the general direction of the w writer, , attempts were made in the early 
1930’s to determine the effect of the weight of the overlying alluvium on the - 
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“porosity of of sediments (27) 18» The results are not conclusive 
because the range in values is large. — Nevertheless, curves were plotted a 7 
the scatter points . The values i1 in Table 3 are taken from them. _ These data — 

‘indicate far less. compaction with depth : than those cited by Mr. Forbes in the 


TABLE 3. PERCENTAGE -POROSITIES AT THREE LEVELS» 


7 Unweathered silts and sedimentary clays ‘ 2 
Unweathered fine sands 


Nongritty residual clays 
Reddish-brown eritty residual clays 3 

For this material there were no tests at depths greater than — 800 ft; at this depth porosity wv was 
The value shown was found by projecting the curve to the 1,000-ft ‘depth. A 


case of the well o of t the City of Lodi if the decrease i in that well i is all charged to 
- compaction due to overburden. “- Mr. Forbes, however, does not state that the 
sands at depth had the same make-up as those at ahigherlevel 
Certain data a concerning the Palo Alto situation from Mr. Forbes’ discussion 

‘are cited i in Table 4 for better comparison. On its face» this would indicate : a » 


‘TABLE 4 —Cuance BIN RECESSION OF W ATER TABLE AT Pato 


-|RECESSION OF WaTER TABLE 


replenishment (million 


Ft Ft per million 

Total, 1943-1944.... 6 68.5 


diminution seems impossible and the real 


“magnitude have been ‘found i in 1 isolated ‘eases. It ‘would s seem m impossible to - 
have diminution of this type without a settling of the earth’s crust. _ Mr. 
Forbes cites one example. _ Three others come to the | writer’s mind—one in 
Central alley” and two in Southern California. _ These are quite local; and 
there is rio indication so far of any widespread subsidence although the water 
table in most of the ‘ground-water | basins of California has" varied widely in : 
‘ate Phases.—Mr. Baker very ably outlines the legal problems which : may 
occur in ground- water developments of the future. | It is unfortunate that the - 
courts: have developed of their precedents from the inadequate hydro-| 
“logical knowledge of a half century ago. Solutions of the problems noted by — 7 
‘Mr. Baker, and other problems which will arise, will be sadly handicapped by | 7 


1% Numerals in parentheses, thus: (27), toler to 0 corresponding itemsi in the (see 


and at the end of discussion i in this i issue. eee 
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ON GROUND-WATER STORAGE Discussions 

There is in this circumstance, material for a paper which 

might | be of aid to jurists. 


tale Mr. Sopp discusses the legal phases c of rights to the use of ground water, 
4 and law as to er ound water and as 


states rescued the situation by all water under 
control, that is, under the same kind of law. Inc California, the courts have 

* * applied the same law to both surface and underground water. Under the 
fundamental law of California, , which is the riparian doctrine, access to a w vater 
supply gives right of use without application to the s state. The individual with 
_ such access takes water under his vested right and is ae ‘termed an appro- § > 

priator. The individual without such access who takes w water from a source is 

termed an appropriator. The legislature requires that the individual who does 
have access (the would-be appropriator) must. apply to the state fora 
permit to appropriate surface water; but the legislature | has: not made such 


application a “prerequisite to appropriation « of ground» water. Even if the 


3 legislature made application to the state a prerequisite to appropriation of 2% 

7 4 ground water it it would apply only to the exporter to distant lands. The over- this 
lying owner would continue to take it without application to the state. ‘Tequ 

In addition, the te test of ‘“‘adverse user’ is not w hether the invader is that 
e stream or r downstre eam but whether “his taking limits the taking of another user. mea 

_ if a ground-y -water stream is deep e enough and sluggish enough the downstream gray 


“te might invade the right of the  upstre eam user, ae the 
The foregoing short discussion is made in the fear that Mr. Sopp’ s able § and 


diseussion might be misinterpreted in certain minor respects. prog 
Mr. Drummond discusses briefly | the excellent results ‘secured it in New § witl 
“Mexico by careful administration of the 1931 Act which makes s underground som 


water s subject to appropriation in . the same way that surface water is. . This ”> 


law has been assumed to be a model; and passage of a similar one has been en urged fact 

The law is an impr: ovement over conditions w hich existed before its passage. pan: 


It could probably be improved still further but with | wise administration it sent 
- should be workable as it is, for the present. at least. Such a law would not be maj 


in California unless the constitution were vise 


i 2 (27) “South Coastal Basin Investigation; Geology and Ground Water Storage alth 
of Fill,” by Rollin Eckes, Bulletin No. 45, Div. hop 
Water ‘Resources, Dept. of Public W orks, State of California, Sacra- infl 
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A Assoc, M. Am. Soc. C. E.“°—The data presented in 
this ‘paper were given in considerably abbreviated because of space 


requirements; and, th therefore, careful : study « of the paper is necessary in order ‘ 
. ~ the ‘reader may y obtain a proper picture of the variations in turbulence, 
velocity, pressure, and energy for the different. expansions. Complete 
graphical representation of all the data would have been desirable. -— Most of — 

the discussers w ere acquainted with the general nature of the investigation, 

and the results obtained, through personal correspondence and contacts and 


progress reports. Doubtless, the practical hydraulic concern solely 


om of the basic facts uncovered i in this pong 
- ‘The author would like to reemphasize what he considers the most important: 


q 
fact revealed by this study. Professor Bakhmeteff’s discussion \ very effectively 
elucidates this item—namely, that, although form resistance in fluids i is accom- 

sage. 


panied by the generation of considerable visual turbulence, ‘the ener re re- _ 


viscous action in n the so- called “sur urfaces of discontinuity” where the turbulence 
_ “originates. It appears that this phenomenon also occurs for flow in straight. a 
pipes and i in turbulent boundary layers along straight surfaces. However, 
although no ‘direct evidence is available to prove this theory definitely, it i is 
hoped that the fundamental idea, as to how energy is converted into heat (lost) 

in fluid flow, may form the basis for other studies « and analyses that will i = 7 
knowledge « of fluid flow under turbulent. conditions still further. 


| ‘The paper revealed some information relating to the over-all efficiency of. 


the energy conversion. process in ‘conical expansions. — Messrs. Bakhmeteff, 


Nors.—This paper by A. A. Kalinske was published in December, Proceedings. Discussion 

: on this paper has appeared in Proceedings, as follows: February, 1945, by F. T. Mavis; May, 1945, by J.C. 
Stevens; June, 1945, by Boris A. Bakhmeteff, and E. R. Van Driest; and ‘September, 1945, 5, by A. R. Thomas. 


$s Director of Fluid Mechanics, Appliance oa of America, Milwaukee Wis. 
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KALINSKE ON FLOW EXPANSIONS Discussions 


Stevens, and Van Driest commented on this particular item. The pe el 


Be eerste to be that the » shape of the mean velocity distribution across the 
section of the entrance to the expansion has considerable influence on the 
efficiency of the energy conversion | process, and must be taken into account i in 
any efficiency calculations. Since roughness of the approaching conduit influ- 
ences the velocity distribution, it appears is another variable that 
must be added to those given in Eq. 12. . The author does not agree with 
-- Stevens that the efficiency of an expansion is subject to various interpre- Pi 
tations. The efficiency must be calculated on the basis of what proportion of 
‘the initial kinetic energy is converted into pressure. The ratio of total ‘ “output 
energy” to “input energy” would depend on the total pressure on the system 
_ which, of course, does nc not co ‘control the flow phenomena i in the expansion, unless _ 
7 Bi Professor Mavis has outlined very completely the many hydraulic problems — 
- concern expansion of flow - His discussion and the literature he cites _ 
form a most excellent review of practical hydraulic phenomena. — In this field 
- further knowledge relating to conversion of kinetic to potential energy would 


be helpful. Mr. Thomas stresses sc some items that must be considered if engi- 


neers are to understand flow expansion phenomena in open. ‘channels more> ite 
fully. “He states correctly that Similarity of Froude numbers does not neces- . probe 
‘sarily | mean similar turbulence e conditions, since the formation of eddies i is snot hie 
controlled by gravity foes. 
_ The writer thanks the ¢ discussers for their | comments and the additions to of the 

- the subject ‘covered by the | paper. p He hopes that basic research of this ty] pe ram 
will occupy a more prominent place in the activitios of 


laboratories, 
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BUTTE RESERVOIR 


9 
By JOE W. JOHNSON, HAROLD H. MUNGER, AND 
WILLIAM MAyo VENABLE 


FUTURE ‘OF LAKE MEAD AND 


* 


— 
Jor W . JoHNSON,! Am. Soc. 


& In estimating the 
probable useful life of Lake Mead ‘and Elephant Butte Reserv voir, the author | 


has utilized the results of rather extensive suspended-sediment observations. — 
To arrive at a value of total sediment load, the bed load was assumed to be 15% - 


of the suspended load. This estimate of the amount of bed load has proved of 
interest to the writer, not because of the magnitude of the value assumed, but _ 
because ‘it appears that the observed : ‘suspended load at the Grand Canyo on 
‘station may approximate closely 


e 


point. Sufficient data are available, also, to make a computation of the 
bed load passing San Marcial, N. Mex., on the Rio Grande —_ thereby check — 
“the assumed value of 15% of the suspended | load. 


In | a sufficiently long and uniform stretch of an alluvial stream there ite j 
a relationship between the discharge and the rate of bed-load transportation, 
“and this relationship can be determined by direct measurement or by sae 


tion ofa suitable formula. Except for relatively emall streams, direct measure- 

ment is impractical; however, this method now a on 

small streams, since the development of the bed-load formula by Hans ‘Ein- 7 


stein, 102,103 * Assoc. M. Am. Soe. C. E. The Grand d Canyon reach ¢ of the e Colorado” 
cannot be ‘classed as an alluvial. stream; it is ** “rock-lined trough” in which > 


velocities are probably high enough to — iat (mostly by suspension) that 7 


a Norr.—This paper by J. C. Stevens was published in » May, 1945, Proceedings. ». Discussion on this 
paper has appeared in Proceedings, as follows: October, 1945, by D. C. Bondurant, John H. Bliss, Luna B. 
Leopold, Carl B. Brown, and G. E. P. Smith; November, 1945, by Albert E. Coldwell, Walter B. Langbein, 
C. 8. Howard, Charles Kirby Fox, H. V. Peterson, L. C. Crawford and P. C. Benedict, Charles P. Berkey, 
and Stafford C. Happ; December, 1945, | by ‘Berard J. itatg; and January, 1946, by Hugh Stevens Bell, y. 
.W. Lane, and F. E. Bonner. 


101 Asst. Prof. of Mech. Eng., ‘Univ. of Calif. Ai 
1a Received by the Secretary December 19, 1945. 


2"*Formulas for the of Bed Lead, by H. A. Einstein, Transactions, Am. Soe. C. E. 
Vol 107 (1942), p. 561. 


108 *Bedload in Mountain Creek,” by HLA. ‘Technical Publication No. 66, 
Soil Conservation Service, U.S.D.A., August, 1944, 
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JOHNSON ON FUTURE OF ‘Febr 

sediment ‘which is ‘delivered canyon section by the upstream alluvial 

tributaries. During high discharges when the larger percentage of the annual dime 

load is transported, samples of ‘Suspended : matter taken | throughout the e depth, ment 

- down to as near the bottom as s practicable, probably ; give ne reasonably a accurate § meck 


nen 
load. Since the total sediment 


of a stream is not a fune- 


tion of discharge, a continuous 

= sampling program is the only 

method, known at present, for 

_ determining the sediment load 
entering Lake Mead. 

other hand, is an alluvial 

-strear which the average. 

annual bed-load transpor tation 

can be estimated by _applica-— 


tion of the Einstein bed-load 


Range 1000 


River Bed Elevation, in Feet 


Average 


formula. Computations by” 

this formula require a reason-— 

straight reach of the river 


which the channel dimen- 
sions, Slope, the bel me- 


curve are e known seach i in 
ae the vicinity of San Marcial ap- 


ange 1003 
| Range 1004 (F) | 4 


“a pears ideal for such a computa- 
tion because of the proximity 
the San Marcial gaging sta- 
tion from whose records a flow- 
duration curve can be con 
structed. Fig. 18 shows map 
of: the Rio Grande Valley near 
Marcial with the sedimen- 


Viernrry or San Mactan, N. Mex. 19 for the reach of the 


ig to 1006.8 (A). iad alias n of Fig. 18 indicates | that the reach of the river from 
just below range 1003 (G) to 1005. 7 (C) is relatively straight : and uniform in 
: width. For this same reach Fig. 19 indicates that the a average bed slope is 
fairly constant despite the yearly 1 variation in the absolute position of the bed. 


d | 


by Stafford C. Happ, SCS 


_ a 104‘*The Sedimentation in the Middle Rio Grande Valley, New Mexico,” 
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dscntianis - Numerous bed samples were taken in connection with the sedi- 
th, § mentation survey and have been analyz zed for mechanical composition. ie 


e mechanics of computing the : average e annual bed-load transportation from these - 
ar 


i from Range 999(K), in Miles 


Bep PROFILES oF Rio Gran GRANDE AT N. 


available data has ‘detail ceewhere 106 The method « can 
discussed by the author (1915 to 1940), as well as for periods i in the future. As * 
in ‘the case of the Colorado, future estimates” of suspended Ic load 1 transportec ted 
by the Rio Grande can be made. only by continuous sampling. ai 
_ The foregoing remarks refer to a factor which the author assumes to affect — 
his result by approximately 15%. This is an accuracy which, if approximately 


correct, is well within the limits of error to be expected in an investigation of 


this type and probably is on the conservative side, especially for Lake Mead. 
For the Rio Grande, a computation of the” annual” -bed- load transportation 
might be desirable to determine the general magnitude of this factor. 
bs It is of interest to note that it is the bed load which is the primary source of 
‘the sediments which are deposited in the delta and in the stream channel 
(above e the spillway level) within the limits of the backwater As onal 
as the water level in the reservoir remains near the spillway crest, these deposits 
of relatively coarse sediments. extend farther upstream as time progresses. 
The existence of a vegetative screen is merely to accelerate _ the process by 


“trapping si some of the finer sediment that otherwise would be carried into the 


“*Bedload Transportation in Mountain Creek,’ by H. A. Technical Publication No. 55, 
_ Soil Conservation Service, U.S.D.A., August, 1944, p. 30. 


Transactions, Am. Soc. C. E., Vol. 109 (1944), p. 
107 “Movement and Deposition of Sediment in the V: icinity of Debris Barriers,” by J. W. Johnson and 


Minaker, Transactions, Am. Geophysical Union, 1944, 
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Discussions Fe ebruc 


a MUNGER ON FUTURE OF RESERVOIRS © 


as suspended load. Large variations of the reservoir level , however, 
cause readjustments of these deposits. For instance, a flood occurring during ‘propo: 

- a time of low-water level in the reservoir will cause an abnormal quantity of the § or evé 
a _ above-spillway deposits to be moved to below the spillway elevation. — Com- §f of cor 
parison of the bed profiles for the year years during the period from 1914 to 1941 receiv 

eo (Fig. 19) indicate t! the nature of the he readjustments | of these e deposits o of relatively ow 


Haroup H. Muncer, 1 Assoc. M. Am. Soc. C. E. 108a___ vast collection of lem 1s 
eee data, for those v who must assume the responsibility for measures to be ‘i impo. 
adopted i in the endless battle for the preservation of the irrigation empire of the | A 

a southwestern states, s, has been assembled by the publication of this | ‘paper. 

However, : a number of factors have been ignored, or treated lightly, which may | reser 
well pr “ve to be the most significant, elements i in the long-time handling of the & carrie 


problem. — ‘The p purpose of this discussion is to call attention to four factors _tity 


_ 


_ ‘that may s seem trivial but that will loom larger and larger as the passing dec- fact, 
ades continue the inevitable process of reser voir ‘silting. distri 
parti 
The this paper involves ma many elements that tran- 
economics. From time immemorial gov ernments have expended huge” 
quantities of man ‘Power ‘and material to defend « even minor “provinces against ‘oe 
human e enemies or destructive natural forces. ‘There i is no sound reason to §- jun 
~ doubt t that history will repeat itself in the Colorado and Rio Grande valleys 2 and ame 
- that - generation after generation o of engineers will devote itself to ‘the struggle nig th 
= only the most perfunctory regard for economics, | 
- The storage capacity of a reservoir is by no means “destroyed” even euie 
hl Pr the basin i is ‘ “entirely filled” by r silt, if suitable details have been provided Leseal 
. > in the construction of the dam. | The 1 voids in silts are seldom less than 20% with 
and often more than 30%. This space | is still available for water storage. No \ 
‘great imagination i is ‘required to visualize a concrete dam containi ng in its base | for i 
_ an infiltration gallery s similar to those occasionally used in water works practice. ome 
Horizontal well points, inserted through suitable fittings i in the upstr eam face “pres 
of the dam would tap the supply of ground ¥ water in the filled reservoir and syst 
provide a a uniform year- round flow in many streams tl that under present condi- | coms 
tions, are alter nately dry arroyos and sediment-laden torrents. _ a tob 
3. The silt-storage capacity. of a reservoir is much greater than the water- 
storage capacity _ Intermittent, , Silt-laden streams will aggrade their “channels snes 


toa slope of 1: 100, or steeper, , above the spillw ay of a dam. n. The formation of Mis: 
delta above Elephant. Butte Reservoir. illustrates the early stages of on 


‘process. _ Eventually, : a lake 20 miles long may be expected to fill toa level -lanc 


1,000 ft above e spillway elevation at ‘the head of the lake, | and | the sl slope will the 
finally extend u 1 up the valley ‘until it intersects tl the ‘stream bed. ‘ The available Ne 


silt and water storage in a properly designed system of reservoirs on the major — - peri 


silt-producing tributaries of a river like the Colorado or the Rio 


108 Instr. and Research Engr., Dept. of Mechanics, State Manhattan, Kans. 
Received by the December 28, 1945. 
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oh he It must be remembered that the cost of a system suc h as the author 


proposes will be spread over a per iod measured in centuries rather than in ye years, 

or even in decades, and that each succeeding generation will measure the cost 
-of constr uction i in its time against the total accumulated value of the empire 


Mayo VenaBie,!™ M. Am. Soc. C. E. —The general problem 

of the e disposal of silt created by er osion is involved i in this } paper; : and the prob- 

“lem i is not limited to the p preservation of storage in reservoirs, although that is — 


‘important. 


Apparently, the only permanent method of preventing silting in reservoir 


reservoir it is to keep the silt i in suspension. Inn most ¢ cases, the 
carried by : a rapidly running stream is much greater in proportion to ‘the quan-_ 
tity of water flowing during flood seasons than when the water flow is small; in 
fact, in the case of 1 many large rivers that have their source in mountainous - 
districts (such as the Ohio Riv er), ‘the water in the lower parts of the river is" a 
particularly free of suspended undissolved matter in the summertime during: 
low water. Therefore, it is possible to keep silt from accumulating i in up- 
‘stream. “reservoirs within certain limits” by suitable engineering. works con- 
- structed to by-pass the water only when it is heavily silt laden; and by creating 
channels th that will maintain the silt in suspension until it has passed the main 
reservoir. Whether this has been suggested, or whether it would be applicable | _ 
the Colorado River, is not known. course, Ir in some reservoirs, at high 
‘devations where the water is used for power purposes, the outlet from the 
water to the turbines is so low that silt could not accumulate above the outlet 
level; and the ¢ effici iency for the reservoir, for power te penn, is not destroyed | 
with such accumulation as does occur within the r . 
WwW here the water is to be used for industrial purposes, for water supply, or 
for irrigation, the removal of the silt from the used w ater is necessary both be- 
cause of the industrial purpose to_ which the water is’ put, , and because the 
presence of excessive silt in irrig gation ditches results i in impairing the i irrigation 
‘system. m. Thus, even if the oil be by-passed from the main reservoir, it must — 
| cause increased sedimentation in the valley below , Which would not take long 
to manifest in an alluvial valley. 
‘Thus the p problem under discussion is intim: ately co connected with such prob- 
| lems as the control of the Mississippi River. All Ww ho are familiar with the _ 
Mississippi River problems know that, since the settlement of the Mississippi — 
Valley and the placing of levees to prevent overflow of the river in adjacent 
lands (which are effective except during times of excessive floods and disaster), 7 


the : silt is earried to the Gulf of Mexico; a and the length of the channels from 


New Orleans to the outlets i in the delta have increased many miles during the a 
period of observ ation. - The Gulf of Mexico, a few miles beyond the outlets a 


the Mississippi, is very deep and the rate at which the delta is being extended 
is said to be diminishing; but it is being | extended, and the valley floor is ‘not 


” Cons. Engr., Blaw-Knox Co. , Pittsburgh, Pa. 
by the Secretary January 8, 1946. 
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240 VENABLE ON FUTURE OF RESERVOIRS Discussions 
being built u up. It would app appear that, in rivers such as the Missiasippi, the 
_ lower r reaches at all ‘times carry } all the silt in 1 suspension that they are are capab 
-_ carrying; + and this is pr obably true of all other rivers that flow some miles 
from their outlets through valleys, the floors of which have been produced by 
the river’s ‘own overflow—ineluding the Nile, the Euphrates, and possibly the 
- Colorado. — _ The utilization of the water of the Colorado River at Lake Mead, 7 


therefore, ‘must have serious effects upon the valley below where the maximum , 
velocity flow in that vicinity, before the reservoir was constructed, was rela- 
tively high—sufficiently high to carry, at all times, all the silt th that was washed 
into the river. By- passing the silt without excessive water would — the 

~ If the point in the ocean where the silt finally comes to rest is not textromely 
Pic it would be difficult to prevent, permanently, the building up of the valley 
floor by means of levees or other artificial works. Some proposals made in the 
past are intended for the benefit of future generations rather than for the im- 
mediate comfort of the present one. Similarly, it would seem that the iat 
of providing means for accumulating, sediment in one part of the valley and 

‘raising the valley floor for long periods of years, and doing the same thing in 

other portions of the valley, during other periods, would promise to be of 

sufficient benefit to future generations in various parts of the world to ‘justify 

ai 

such projects being considered seriously by ‘national and international action. 

As suggested by Herbert Hoover, Hon. Am. Soc. C. E., former President of the 
Ss States, agriculture could be restored in the valleys” of Mesopotamia if 


the silt problem were solved, and irrigation reestablished. 8” 
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INTERRELATION OF CERTAIN STRUCTURAL 


By CAMILLO WEISS: Gaver 


—Diseussion of the interrelation of 7 


“ism. ci also revealed a certain amount of of disagreement among the discussers 7 
with to the relative merits of the concepts presented. Several ne new wand 


course sof the Carried fur ther, Mr. 8 interesting and useful 
traverse relations might well have been added. Equally in intriguing 
Mr. _Eremin’ graphical ‘representation of restraining factors. 
ough 
outside the scope of the. paper, s some ne of the problems presented illustrate how 
the algebraic interrelations can be us ed. Mr. Stewart’s problem | serves par- 
ticularly well and shows his complete familiarity with the he various concepts and 
fe _ Professor Hickerson i is right i in stating that. the ‘ “correct” interrelations do 
not constitute an ‘integral part of the Cross method. ri ‘They belong rather to 
various methods of “direct moment distribution.’ On the other hand, 
‘Hardy Cross, Am. Soe. must be credited with « conceiving and intro-— 


_ ducing such terms as “carry-over factor’’—thus giving structural analysis an 


_ etirely new angle of approach. Practical 1 use of the relations i in n combination 
with the Cross method would be | limited, i in the writer’s. opinion, to cases in -_ 
which part of the fr frame was to be i isolated for investigation. For such pur- 

poses it is often customary to make assumptions of a ‘ “degree of restraint’”’— ~ 
the usefulness of which concept has been questioned by several writers. 


i eto: -Nore.—This paper by Camillo Weiss was published in January, 1945, Proceedings. Discussion on this 7 
Paper has appeared in Proceedings, as follows: May, 1945, by Ralph W. Stewart, and R. C. Brumfield; 
une, 1945, by Max W. Strauss; September, 1945, by Leon Beskin, Alexander Dodge, a. William C: 

Spiker; October, 1945, by Bs and 1945, by Dean F. Peterson, Jr. A. A. 
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WEISS ON STRUCTURAL | co NCEPTS Discussions 


In Professor Brumfield’s opinion the factor as defined and 
rived holds only for the Cross method, but this is not the case. The sharp — 
- distinction | which he e makes between the ‘moment api applied to a joint by some ex- 
ternal means, such as a crank, and the moment delivered to the joint by one of 
its members (carry-over moment) may be helpful but is not required. | The _ 
carry-ov over moment m may be considered as an external moment applied to the 
joint. considering the joint as consisting of the restraining members only, 


the formulas give the correct distribution factors for a a carry-over moment as 


Professor Brumfield states that the terms ‘ “stiffness factor” and “ restraint 
factor’ were used interchangeably. _ Under the given definitions the two con- 

cepts are identical. The writer agrees with Professor Brumfield. ‘that “re-- 
straint factor’ is preferable . Unfortunately, “stiffness factor” is in common 

usage whereas ‘ “restraint factor” is not. , The terms ‘ ‘stiffness index” and 
“restraint index” were introduced. by Professor Brumfield but have- not been 
in interpreted as concepts that can be visualized.” as: 
Mr. Strauss presents a general equation for the « carry-over factor and also 
demonstrates a direct method of solution by the use of moment splits. Mr. 
Strauss takes i issue with the statement that the Cross method is based on a « con- 
cept. of restraint. He considers it equivalent to solving the simultaneous 

-slope-deflection equations by successive "approximations. This’ is s quite a 
legitimate view to take; but, on the other hand, Professor Cross himself pre- 
sented his method as a sequence of locking and unlocking 


"the joints of a framewor k—quite | obviously a systematic control of restraints 


wean] their importance . and calls attention to their close relationship. 7 In his 
opinion it is improbable that any new physical interpretation is given to struc 
tural terms in this paper. | He challenges 1 the statement t that “fixed points” are 


usually thought of in connection with beams and makes the counterclaim that 


the analysis of frameworks by determining the locations of the fixed points is a 
- common practice. P In support of this contention he refers to papers by Yves 


Nubar,” M. Am. § Soe. and Professor Brumfield 12 and to lectures of 


Professor. Campus « of Liége Univer: sity, in ‘Liége, Belgium. In his 5 paper Mr. 

: _Nubar does not state or imply that a generalized theory of fixed points is 
common practice, but he indicates that such 8 theory could be based on a 
aaa interpretation of one of his findings. pi Mr. Nubar refers to the p paper 
_ by L. H. Nishkian and D. B. Steinman,* Members, Am. Soc. C. E., on the 
conjugate points of the continuous beam Professor Bromfield, far lend- 
7 + = ing support to Mr. Beskin’s contention, does not mention fixed points at all i in a 
his paper.? Indeed, in his discussion of structural concepts, Professor Brum: m 


i - states that he would eliminate the idea of fixed points from ad 


=e 


-? 37b Correction for Transactions: In the denominator of Eq. 26b delete ‘‘1 + igy’’ preceding the quantity, 
7 “Analysis of the General Two-Dimensional Framework,” Nubar, ‘Proceedings, Am. Soc. 0 
C. E., April, 

12 **Moving Loads on Restrained Beams and Frames,” ” by R. Cc. . Brumfield, ‘bid., May, 1945, p. 627. i fle 


‘*Moments in Restrained and Continuous Beams by the Method of Conjugate Points,’”’ by LH. 
and D. B. Am. C. E., Vol. 90 (1927), pp. 1-206. 
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EISS ON STRUCTURAL CONCEPTS 


entirely. - Thus, only the lectures of Professor ‘Campus remain, ¢ of which - 


ponte instances of a more general ay application, n, the statement that fixed points 
are usually thought of in connection with continuous beams would not be 


oe” Mr. Beskin’s opinion the ‘ ‘so-called” Cross method does not permit the 
analysis of framework from a different or novel point of view. However, w hen 
the method was first proposed it was greeted w ith such expressions : as ‘ ‘ingeni-- 
ous,” “an outstanding contribution to the field of structural analysis, 
refreshingly ne new and eminently useful avenue of approach,” “quite unique,” 
“the most convenient and expeditious method yet brought forward. ” “the 
‘most powerful and versatile tool presented in many years,” and “the greatest 
_ single contribution to the theory of stress analysis i in a generation.” Raat 76. 
_ With reference to Mr. Beskin’s Eqs. 41, it should be stated that they apply 
toa moment acting at joint B. Eqs. 42 correspond t to those given by Professor 


Hickerson in Table 5 except Eq. 42a which i is in error as comparison with Table 


The statement made i in the paper ‘(see ‘ ‘Introduction”) that “The method 


of moment distribution * * is as ‘good a method as can be devised” w was 
eous rather irrelevant to the main theme of interrelations, but Mr. Beskin challenges” 
te a the statement and for this purpose presents a a very y scholarly comparison of 
pre various “methods. Although: ‘distantly related to the topic of the paper, the 
cking F ‘subject. of methods does not come within its modest rr 
aints a’ Mr. Dodge has contributed instructive comment and made valuable sug-_ 
gestions. His statements concerning symbols ar are well taken, and his remarks 
upha- concerning the introduction of the proper subscripts for the general case of 
n his ' varying ‘moments of inertia are pertinent. His adaptation of the interrelations a 
struc bt more general application is a welcome contribution. 
are f ‘To! Mr. Spiker the interrelations suggest a possible method, but he believes 7 
. that q = that the formulas of the p paper are unnecessarily abstruse oad that Table 1 is 
isisa ff not clear 7 The writer is in sympathy with Mr. Spiker and wishes he could have 7 
¥e 

Yves 4 expressed himself more clearly. Mr. Spiker’s discussion shows, how ever, that 


_ he is quite familiar with the subject of interrelations. — He favors: the use of the 


res of 


r Mr. - point of inflection” and tables and charts for this and other concepts. — He 
nts is objects to certain symbols used ‘in the paper because of conflict with | others. 

this anc 
ona ais conflict does exist and is admittedly confusing to both reader "and wi writer. 


paper —j Appendix II was added in the hope of stimulating discussion for the reme emedy a 


L lend- In’ Table 5 Professor Hickerson presents a welcome supplement to Table 1 * 
fallin and contributes some valuable interrelations ¢ of f his own n including some which 

Brum- ty advantageously certain relations presented by Mr. Strauss. Since 


ration Professor: Hickerson was a pioneer in the study of restraint, his comments 


Mr. Peterson i is correct i in stating that, when a single moment is applied to a 


quantity 


joint o: of a frame, only one “fixed point” in each member will be a point of i in- 
bone It will be the left- hand _— for unloaded members to the left of the 
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TRUCTURAL CONCEPTS Discussions 
will : always. the far pc point. One of the fixed points may be a 
_&g Pea end in which case it may not appear to be a point of inflection. . These : 
are well-known characteristics of the fixed points. © Mr. Peterson states that it 
is ; mathematically n necessary to start the solution of the nodal intercept at some 
joint where the restraining properties of the far ends of all the concurrent 7 
members, except one, are known. This is theoretically quite correct. In 
practice, however, it is not necessary. — ~The restraining properties of | members 7 
a 
several panels removed from the joint under investigation may be arbitrarily - 
assumed. In most cases their influence will be found negligible. 


Special attention i is to Mr. Ere 8 


the “fixed point” does move laterally Mr. Beskin 
that the amplitude of displacement of a node is different from zero; and, char- = | 

_acteristically, a node i isa point of inflection. ‘Mr. Peterson believes that th the 
“fixed point” i is stationary ‘in only on one direction s since it is free to deflect trans- 


Actually, the “fixed point” may in any y direction. It is 
J longitudinally relative to the restrained end of the unloaded me member and —_ 
with it in any direction, but it remains stationary on the elastic ct curve, or 
neutral axis, of the unloaded member. The term “node” is admittedly not an 
ideal duaien. It was used primarily for brevity and for want of a better or 
more descriptive term. The term “characteristic point” is cumber some with- 
out being descriptive. “Fixed point” is better, except that the point is not 
“really fixed and ‘ ‘point of inflection” is a general methamatical term. nd ‘Grove’s . 
Dictionary of Music and Musicians” %® defines ‘‘node”’ essentially a as follows: 


“When a string i is plucked it does not vibrate in any one of the simple 

7 forms, but in several of them at once. There the node is no longer a point 

of complete rest, but a point where the amplitude of vibration is least.” _ 

* In ‘general, adverse criticism of the paper appears to have been directed 
chiefly “against terminology, definitions, and method of derivation. 
structive | comment has b been offered to supplement and generalize the ‘inter- 
‘relations presented. Therefore the conclusion is justified that the substance 
of the study, the stated algebraic i interrelations | of the various | concepts, has" 


“Grove’s Dictionary of. Music and “Musicians,” ‘Theodore Presser  Co., , Philadelphia, Pa., 1918. 
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BY RALPH W. POWELL 7 
— 

Rawr W. PowEut, M. the w known of 
the wi work on this elliott being « done at the University of California, at Ber keley, 
he: w ould certainly have mentioned it in the paper. Because of this omission - : 
he is very grateful to Messrs. Johnson and LeReux for putting their results 
(including Mr. LeRoux’ s hitherto o unpublished data) in the form of a discussion — : 
of this paper; and the writer agrees heartily with their comments. Fig. 14 is 
a great improvement ov over Fig. 10 and shows that the width of the roughnesses 
cannot be writer has already discussed the 1 methods used 


i 


= that Eq. 17: agrees with his data much be better than does Eq. 19. I Data 
are not available to the writer to test this opinion in regard to the investigations _ 


The writer wishes to thank Mr. Keulegan (whose original paper'* 
formed the theoretical basis for much 0 of the writer’s paper) for his d discussion, ab 


especially’ for his method of obtaining numerical values of é. . The value of é 

in Eq. 286 applies, of course, only when y/B = The Statement that, 
if y/B is made | smaller, @ becomes correspondingly is s ambiguous Ww when 

— applied to a | negative number, and the writer has _ therefore investigated the 


Assuming that Eqs. 23 and 25 apply for any depth of water, y (which is 7 
not greater than 1), and that a; = a2, and continuing the other assumptions — 
‘4 


__ _Notg.—This paper by Ralph W. Powell was published in December, 1944, Proceedings. Discussion 
on this paper has appeared in Proceedings, as follows: June, 1945, by Joe W. Johnson and E. A. LeRoux; 
October, 1945, by Garbis H. Keulegan; and November, 1945, by C.J. 


Associate Prof. of Mechanics, Ohio State Univ., Columbus, Ohio. 

we Alb Correction pm Transactions: In tee “1945, Proceedings, Fig. 14, page 952, change the abscissa 
 k/h = 1.5 to k/h = 5; in October, 1945, Proceedings, Fig. 15, page 1260, ‘change ds and ds’ to dj and dj’, 

‘ hie Discussion by R. W. Powell of ‘‘Rectangular Artificial Roughness i in ieee Channels,” by J. ere 
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+ a2 sin 5 


dj + | 


by ‘Mr. ‘Keulegan: 
y (31) 


cost y 


€ to ‘vl 1) are "plotted in Fig. 
TT . As y/B decreases from 0.50 
ard zero, the absolute ute values 0 of 


increase slightly to a maximum 

7 of about 0.283 (1 — a) at y/B= 

«60.35; from this they decrease slowly 

at first, and then more rapidly, 

toward zero. _ The experiments in- 
cluded very ow values” of y/B less 


= 0. 15, for which @ is 0.2 214 

Mr. _Keulegan s states, » experi- 
ments would be necessary to deter- 
‘ | mine the value of do, but it would 
seem to the writer that it is probably 
as at least 0.6. If ai = a2 and ao = 
0.6, Eq. 26° ‘wou ould require a2 to be. 


0.628 for y/B = 0.50; and v vy would 
vary from: 0.600 at the corner to 


228 ‘at the middle of the bottom. 
Since the shear varies as the square 


— 


03 of the friction velocity, this woul¢ 


e 
Values of make the shear at the — mor 


Fie. 18. —V. ARIATION. oF WITH Derma 


- Keulegan’ 8 suggestion of a) = 0.5 would make the shear at the middle of the 
bottom 6.6 times the shear r at the 


4 
- | 
‘Substituting from Eqs. 25S © the value of a2 from 
For all values of y from 0 to 1, the quantity inside the brackets in Eq. 34 is 

f 
q 
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The writer had not realized that € would be hegative, so that me itis 
i in the paper are in error, one in the paragraph after Eq. 11 and the other in. 


the second paragraph of the section headed “Probable Accuracy.” With 


increased 22. 5% and increased 12. (12.38%, the maximum value of Cs given 


- by) by Eq. 6 Ww ould be i increased from 2. 74 to 3.77, making a maximum error of 
instead of 0.6 as stated. ithout | a new curve to replace 

‘Fig. 8, it may be stated roughly that the values of c, should be increased by 

“cor rections varying from 0.5 to 1.0. It still seems not worthwhile to  recompute 
the data to eliminate errors of this size when the mean deviations were 2.1, 

2.32, and 2.44. 


‘The apparent drag at the free surface and the resulting depression of the 


point of maximum velocity puzzled the writer for a long time, but he has 
come to the conclusion that the late F. P. Stearns,” M. _ Am. Soc. C. E., and ; 
Max Moller* were right, ‘and that the reduction in ‘surface velocity i is due to 
double spiral flow carrying slow moving liquid from the bottom up along. the 

sides: and i inws vard along the cause of > spirals i is ‘still 


full—is the of uniform ‘distribution of boundary : shear. 
The best discussion | of the question | that the writer knows is by Paul F. 


-more accurate v 

fr om s results; but, in; with the writer, 
Mr.  Keulegan has | his point clear. Tf, in Eqs. 8, ae! é) is omitted, 


“Although é is é Ci is of eC —c, 
_ n Fig. 9 instead of C — c,, Mr. Keulegan finds that a line with a slope of 
—m = 32.65 give es a good fit. Therefore, the universal constant remains 2.5 
“for channels as well as for | pipes, ;, and point (1) of the Synopsis i is ; disproved. 


Eqs. 11, 18, and 17 remain true as empirical formulas ‘representing the results: 
of the « experiments, but equations ¥ with an (é C)-term n would be more scientific. 
3 Bua these could be | adapted for practical use is a matter for further study. 


‘The: writer does not agree with the suggestion. that, for shooting flow, 
By ‘is should be replaced by Eq. 30. The values of C in Table 1(b) w were 
recomputed by Eq. 30, and it was found that the average discrepancy from 
the observed values was 4.28, as compared with 2.44 given by Eq. 13. aaloehl 


_, .&“On the Current Meter, Together with a Reason Why the Maximum Velocity of Water Flowing 
d in Open Channels Is Below the Surface,” by F. P. Stearns, Transactions, Am. Soc. C. E., Vol. XII (1883), 
“Studien die Bewegung des Wassers in Fliissen mit Bezugnahme auf die Ausbildung des Fluss- 
” by Max Moller, Zeutschrift fiir Bauwesen, 1883, p. 201. (A summary in English is given in 
“Hydraulic Laboratory Practice,’’ edited by J. R. Freeman, A.S.M. E., 1929, p. 70.) 

“ Discussion of ‘‘Transportation of Suspended Sediment by Water,” by Paul F. Nemenyi, Proceedings, > - 
Soc. C. E., June, 1945, pp. 865-874. 
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_ The writer wishes to add one suggestion: Eqs. 18a and 18) can be cain 
follow wing the me method used by Hunter Rouse se, M. Am. Soc. C. E. ., for pipes, into 
= C=c,— +07 758 ) 
i Then eand Rare large, Eq. 36 practically reduces to Eq. 18a for rough channels; 
and, w hen the values of € and R are small, it practically reduces to Eq. 18) 
smooth channels. In fact, when R is small enough, the ¢ channel | acts. 
a even i if € is ‘not very small. nt It is believed that Eq. 36 may be found 
useful for practical 1 work; but, in 1 the transition range between ‘smooth’ 
it probably apply only to nonuniform roughnesses such as 


For the uniform roughnesses in this experiment the fit 


urves s of Eq. 36. there is an x (the one 
earest the smooth channel case) that the lines might turn up slightly before | 
urning down to join the smooth channel curve, just as Nikuradse’ 's unifor m 
and caused his curves to_ dip rather than to agree with those in Professor — 
‘The writer agrees with the remarks of Professor Posey. Even more 
important: than the effect of the e shape of the ¢ cross section, how ever, is the 
—_ whether the channel is acting as ‘ “smooth” or “rough,” or whether 
“it is i in the transition | range between. ” From analogy with pipes, it can be 
- determined quite e accurately that whether a channel acts as “smooth” or not 
a depends not only on the absolute or relative roughness of the surface; but se 
on the thickness of the > boundary layer which depends on the Reynolds number 
of the flow. et is too much to expect that formulas like Kutter’s formula or 
Manning’ s formula can handle all all the cases that may arise if n is assumed to 
depend on the roughness only. 
Te It should be noted, however, that the proper value | of € for any particular 
surface in Eq. 36 is about one fifth of the k-value for ‘that same ‘surface 
as given by Professor * Rouse. _ The one case for — the w iter has determined _ 


45 “Evaluation of Boundary Roughness,” by Hunter Rouse, Proceedings, 2d Hydr. Conference, Univ. 
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SEDIMENTATION AND THE DESIGN OF 


Discussion bath shin 


By E CHASE 


CHASE, M. Aw: Soc. C. _E. Thirty ‘odd ‘years? experience 
has demonstrated to the writer the difficulties involved in reducing to formulas: _ 
the various phenomena encountered in sanitary engineering practice; particu- 
larly those relating to that nonconstant, unpredictable, exasperating material 
known as “sewage. However, these difficulties have not discouraged in- 
quiring minds like that of the author, f from i commendation i is due 
Mr. Camp for the effort. 


passing through om. . The this matter varies 
Bee a of the liquid. n In the case of raw sewage the solids in suspension are 

of such a heterogeneous and variable nature that no formula could possibly =. 

devised of general applicability Furthermore, the effluents from various 

types of secondary sewage treatment differ from each other as regards the 
nature of the solids carried in suspension. _ Even the effluents from the same 
ty pe of “secondary treatment will contain suspended solids which vary from 

| _ to place and time to time as s regards . shape, size, specific gravity, and 


settling ¢ 


relatively greater of overflow area as with de- 
tention period, as demonstrated by the author, has long been | appreciated, anc and ; - 
ov verflow rates have been used in the design of settling tanks for many years. 
. In 1 nature, the clarification of sewage-polluted waters in streams of of little de] depth 
is common example of the effectiveness of shallow. flowage, 
= The e tray clarifier, ‘somewhat similar to that advocated by the author, was 
deve eloped some time ago, but its practicability | has y yet to be demonstrated. 
1 Ina recent communication from the company that has promoted this type of 


2 tank , the writer was advised that the company had decided to abandon this 
=; Norte. —This paper by Thomas R. Camp was published i in April, 1945, Proceedings. Discussion = 
this paper has appeared in Proceedings, as follows: September, 1945, by Norval E. aeamaden and > 
Mulholland; and November, 1945, by P. Charles Stein, and —_ P —— US 

hon? * Partner, Metcalf and Eddy, Boston Mass. 
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- “4 piece of equipment. Apparently in practice it failed to fulfil its theoretical 


type ¢ of settling for flocculated w rater has been described 


velocities considerably less than those of the dow nward, and with ith the upwar upw ard 


elocities decreasing toward the effluent weir at the perimeter. 
a _ Intriguing a as the pursuit of elusive formulas may be to those so fortunate 

as to be possessed of a precise mathematical turn of mind, the design « of practic- 

able s settling tanks: will continue to be based ‘upon judgment, experience, and 
-eormon sense seasoned with a moderate amount of theoretical computations 


used as aids tojudgment. = 


as to give he Ps fue nward and upward flows with the upward flows a at | 


49 Fresh Approach to the Problem of Precipitation Tank Design,” by Ian E. Aitken, Water and 
WwW ater Midsummer, 1945, p. 320. 
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THE SAFETY (OF STRUCTURES 


‘By A. G PUGSLEY, AND LYNN 


-Puasuey, Assoc. M. Am. Soc. C. E"_The 


reuaent 
“and, by 8 so o deing, ‘the author contributes to a cause that the pate has much a 
heart. ew cause is the rationalization of current ero and —_— regarding 
inv webved in World Ww ar II have presented a a to explore and 
apply statistical methods: of approach. In this latter fi field it t has been possible | 
to collect much of the basic > information required for such an approach—the | 
magnitudes and variations of the loads 's experienced i in war onan number ofa aero- 
plane s structures of a given type during their life histories; the actual strengths 
of these structures as measured by mechanical t tests. ‘Tepresenting: conditions 
approximating the observed flight conditions; and the variation of the: 
strengths | among structures built to the | same plans. _ Admittedly, | in many 
respects, even the data obtained in this relativ ely favored field have fallen 
short of what one would wish for, but a stage was reached in which the “ideal” 
situation by Statistical approach—the correlation 0 of loads and 


“could at least be discussed in rough numerical terms. 
In 1942 the writer made a very simple statement of this problem in statisti- 
: l terms, intended to introduce to aircraft designers what was then a new and 


unfamiliar approach to the rationalization of strength factors.* The mathe- 


= background of this approach, and the limitations of this ree atl 
‘statement, were subsequently d discussed by D. J. Bishop; 36 and the position 
been admirably summed up in popular terms by W. Tye i in 1944.57 


Nore.—This by Alfred M. Freudenthal was published in October, 1945, Proceedings. 


Discus- 
sion on this paper 


has appeared i in sidenrensaties as follows: ; January, 1946, by F. H. ‘Frankland, ar and elliott 


oberts. 
Prof. of Civ. Eng., Univ. of Bristol, Bristol, England. od 


4a Received by the Secretary November 28,1945. 
%“*A Philosophy of Aeroplane Strength Factors,’’ by A. G. 3. Pugsley, Report and Memorandum No 
British Aeronautical Research Committee, 1942. >: 
‘*Renewal of Aircraft,” ” by D. J. Report and Memeorandum | No. British 
Research Committee, 1942, 
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PUGSLEY ON ON SAFETY FACTORS 
a peNARY the Freudenthal paper, the writer appreciated the careful diss 


tinction made betw veen “ absolute” and “economic” ” safety, which lies at the 
— Toot of any ne approach. _W Whether all will ll agree th that such a distinction 


— 


Thus, although a “philosophy” of strength was ultimately 
Po] accepted in relation to the structures of military aircraft, it is already clear that 
a wider philosophy may be required to meet the needs of designers of civil air- ~ 
craft. Operational and maintenance considerations in the design of civil 
craft, ‘dothed perhaps in some economic garb, loom large compared with | 
rates which, for the peace of the public mind, must be very small 

4 indeed. Thi he simple basic aim that the writer proposed in (1942, however 


q well it fi fitted t the military situation, | may require s¢ some ‘modification c or + amplifica- 
“Let us start with the simple assumption. thet, in deciding upon the 
_ strength of an aeroplane structure, we are aiming primarily to ensure that 
~ the aeroplane shall be able to perform its duties efficiently without breaking. : 
In practice, because of the importance of minimizing structure weight, an 
_ aeroplane cannot be made so strong as to be unbreakable, and structural 
_ failures‘occasionally occur under extreme conditions, such as may arise if a | 
pilot attempts to manoeuver a large bomber too violently or if he makes a 
very bad landing. Structural accidents may also sometimes occur due to 


4 | 


errors of design or workmanship or to the use of faulty material. It is — 
‘natural to consider all such accidents in relation to the hours flown, and to. 
- emageeaa the history of structural failure among aeroplanes by the number of 
structural accidents arising in a given number of flying hours, i. e. by a 
Bh accident ‘rate.’ Expressed im more precise terms, then, our 
arlt basic aim is to learn how to choose aeroplane strength factors so that struc- 
tural accident rates shall be as small as possible consistent with a 


— 


Whatever changes may be required, however , every effort should be made e 


to advance the process of rationalizing the engineer ’s position regarding the | 
“safety of structures of all types. 1 The writer, therefore, heartily endorses 
sentiments i in the concluding paragraph of this paper: be 


- os By adopting the principle that neither design loads nor safety factors — 
and permissible stresses should be specified arbitrarily, it will be possible 
only to eliminate inadequate design, | but frequently to achieve con-_ 
i siderable economy. It will be possible, moreover, to determine correct 
iva _ safety factors and permissible stresses for unconventional structures or 
new structural forms and materials.” 
Lynn Perry,’ 3% M. Am. Soc. C. E s_To those who have been using the 
_word “‘strain” to signify the deformation and ‘“stress” as the load per unit area, 


the rather nebulous new ‘meanings that the author has used for these words i is. 


: confusing. _ A great deal of time is r required to { grasp the proper un understanding 
of the theory he has advanced. This would be unnecessary if the standard 


‘subject of “Factor of Safety” is always timely. Since it involves 
> economy, each case should be studied and the factor fixed by personnel with 


% Designing Engr., Dept. of Water and Sewers, Miami, Fla. he 
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sufficient. vision and experience to afford the proper balance—giving weight to 


a both the physical and the economic considerations in the particular structure. 
[; In many countries including all Europe, the cost of materials is so high and 


the labor rates are so low, compared with those prevailing in the Americas, that 
the economic feature involved in fixing a factor of safety is entirely different. 
An additional feature, at least up to thee end of World War ww IT, is the e remarkably 


stable si society y of even the most progressive re European countries. Old struc-_ 
tures have been used for the same purpose, with little change i in the loading, for . 
generations. locomotives that resemble museum pieces are still being 
used because it is more economical to maintain them and keep them in service | 


than to meet the requirements that would be necessary for larger and heavier 


| se equipment. Some highway bridges were built in Europe during the 
ia interim between World War I and World War II with a much more slender 

factor of safety than most American engineers would feel warranted in adopt- 
iE Because of this fundamental economic phase, engineers it in the . Americas: 


are accustomed to using 1g somewhat more material than engineers s abroad. és For 


economy, also, standard sections are used—frequently heavier than necessary 


but cheaper than an exact section, rolled to specified dimensions. Mivbar: Saher oc 


ahs 


the author has termed “uncertainty” in contradistinction to igno- 
— is always i in the mind of the experienced designing engineer. / There: 
a have been so many failures of well-designed structures due to overloading that 
the designer is prone to imagine t! the probability of heavier locomotives, trucks, | 
trailers, larger impact on grandstands, heavier floor loadings, and more 
Violent wind storms than has b been provided for in past design. writer 
calibrated and posted loadings for many y old highway bridges. Most, if not all, 
of these were well designed with an adequate factor of safety f for or any conceivable 
- load that could possibly cross 3 the bridge—that i is, from the viewpoint of the — 
designer in 1890. When a loaded 10-ton truck crashes into an end post or 
"fascia girder of such a bridge, it i it is simply ' “too bad” and the computation of a 
~ factor of safety based on the probable maximum load degenerates to an aca- 


Eqs. 6a and 6b, the author computes a constant using ar an equation 


containing an arbitrary constant—an old technique that engineers have been 
th. Eq. 22, the author suggests that the computed dead load be increased — 
(10%, This ‘may be constructive suggestion. Concrete and curtain 
seldom weigh 10% more than the estimate. _ The main steel members do not 
exceed the estimate by | any , such amount. In some ca cases, a series of complex 
details might the estimate. but a 10% leeway 


- author seems to have slisiak! the primary purpose of the ectiiatinnes To 
_ Make every person concerned with the design thoroughly understand that the | 
- final design will be safe under the loadings specified. Such ‘Specified loadings 
do take into consideration ‘the immediate . Fequirements and the estimated — 
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future requirements in so far as it is possible to estimate. _ Steel i is sold by | the 
- ton and concrete by the cubic yard. It is obvious that money can be saved i in 
_ either case by decreasing the load or by increasing the allowable unit stresses. 
After considering all the factors involved, the owner specifies the loadings and 
allowable ‘unit stresses and makes an effort toward economy by the 


bridges for such traffic become “subjected to military the 
factors of safety disappear. Military traffic, however, can be rigidly regulated: Bros 
Speed can be reduced to a creep; traffic can be reduced to one way; only one 0. 


vehicle can be permitted on span; and unbelievably heavy loads ¢ can be 
moved over a bridge without failure. It is the firm conviction of the present “te 
Broecin nag of designers that structures will be safe for a any y load to which they . 
s likely to be subjected during the expected and estimated useful life of the _ 
fac 
“structure. was also the conviction of the designers « of the mauve decade; 
but any person imagines that a very | old firm will not purchase hh 
7 elevator ¢ cable and move the largest : and heaviest s safe | from the basement to an = 
- upper story and r roll it across a floor without a any attempt to o spread the load is 7 bier 
* naive indeed. The effect of this procedure might be included as an element tair 
of ‘uncertainty. a Police p powers can prevent the overloading of structures i in 7 ne 

8 thoroughly regimented military or bureaucratic society, and the uncertain | ing 
and evasive human element can be eliminated. — Under such control, the factor - ten: 
of safety could be materially reduced , With resulting | economies. hee seal 
change i in temperature affecting a a structure cannot be greatly i in error. ow 
A feature ths that has been noted recently, and on which investigations are still in it i 
Progress, is the thermal coefficient of expansion of concrete. Undetermined dim 
qualities inherent in the coarse aggregate appear to influence this constant as _ inte 
- much as + 50% from the time-worn value of 0. 0000065. Further research in the 
- 7 this field will be of definite value in the construction of of highways and curbs and “ence 
May even influence specifications for § structures. 


aa 4 Structures, designed in many places for a wind load of 30 lb per ‘per sq. in., have | 
Ww 


ithstood storms for years : and have given satisfactory s service. For the the higher § hom 

- buildings i in Miami, Fla., this load has been increased 50%. _ Observations ; men 
7 over a longer period of time will be necessary before a reasonably safe estimate 7 elerr 
for this loading can be made. Unfortunately, maximum wind velocities are ms * 
‘reported a as the maximum recorded values, sustained continuously over ‘subj 


‘period of 5 min. Wind comes in gusts and the dynamic effect of 1 the highest 
velocity , observed ‘would lead to a more justified design. In some of the most 
: severe storms since accurate anemometers have been available, the instruments | 
22) either were not calibrated sufficiently high to register the maximum velocities — 
or were destroyed together with the structures in which . they were installed. 

‘In the Aleutian Islands, where high wind velocities prevail, the wind is fre- 
- quently accompanied by fine snow which seals the orifices of the pitot- ype | 
~ anemometer or clogs the vanes of the revolving type, thus invalidating or im- 


‘Pairing t the accuracy and reliability of the: readings. Nevertheless, a a few Te 
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oo records of wind velocities of more un 150 miles per h hr are available, and _ 

the factor of safety under such exposures has not been regarded as ‘wasteful 

“Steel has been referred to as “the only elastic structural material.” ‘For 

many years, steel developing a a . strength, to the | yield point, of 30,000 lb p per sq , _ 
| in. in tension was standard. Almost ‘uniformly, engineers used a working stress 

“of 16,000 lb > per § gn in. in tension for such material— —a factor of safety of 1 87. 


nese would : raise the elastic limit to 40 ,000 lb per sq in. or more without materi-_ 
- ally affecting other physical values. i, the new product would carry 33% 
: more load safely, and the cost of the steel for a structure would | be reduced 
correspondingly. ever, it was” years before the profession a as a whole 
was willing to raise the» value of the e working stress to 18,000 ) Ib per sq in. 7 
Later this value was ‘recognized and increased to 20,000 Ib: per sq in. In some 
current specifications the use of 22,000 lb per sq in. . is allowed, indicating 7 
factor of eoweng of 1. 82; and, as the tests actually show from 41 000 Ib per sq 


It is doubtful whether the manufacturers of building materials have 


ained final perfection. in their effort to produce a homogeneous structural 
‘material economically. ‘Structural steel test specimens cut from the top o of the i 


; ingot, after rolling, usually develop about 4 ,000 lb per sc sq more stress in 
tension tha than similar specimens cut from the bottom of the ingot. _ Further re- 
search may - eliminate this differential entirely; but, for the time being, the 
— lower value will have to be used for design. Too frequently, no value is given. - 
It is usual to specify that the test specimens shall be cut with their longest 
"dimension i in the direction of the rolling for uniformity and because specimens, 
3 in tension, usually develop a higher unit strength when pulled at right anglesto 
“the direction of rolling. _ However, steel details are designed with little refer- 
ence to the direction of rolling and any excess strength inherent in the material 
A factor of safety, to be adequate, must te take care of the inherent | lack of _ 
- homogeneity in in the material, some items on which more accurate me measure- 
ments will be available in the future, local consideration, and the human 
“High rigidity” and “almost perfect elasticity” of be the 
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AMERICAN SOCIETY OF CIVIL ENGINEERS 


STRESSES S IN LININGS OF SHIELD- 


Anpers M. Am. Soc. C. E °—The discussions touch upon several 
- Points that were not properly emphasized or, because of space limitations, were 


not sufficiently elaborated in the paper. | The writer welcomes this — 


tions ondulaing the customary method of lining design, and to explain =. 


‘principles of a method resting on a sounder theoretical foundation. To demon- 


= - Designing a tunnel lining is enle a problem in soil mechanics. To enter 
; upon such a moot theme might have led the investigation far afield, however, 7 
and would have diverted attention from the main topic. It ' was stated at the 


| “sults tained by ‘the two methods. noted, oh 


ie by some of the discussers, is thus strictly outside the scope of the paper. 
They are engineering , rules, with no pretentions to exact scientific truth; they 
4 have been used by the Board of Transportation « of the City of New York and its 
predecessors for many years in designing subways a: and tunnels, including the 

one chosen for an example 1 in the paper. | Only by adhering to these rules could . 
results be compared. What effect the substitution of other rules will have 
remains to be seen; but, , although the numerical results may differ somewhat, it 
seems di doubtful that this should materially affect the final conclusions. = = 
— The writer is grateful to Professor V an den Broek for his friendly y comments 
on the first part of the paper, which A are : all the more appreciated because of his 

a thorough familiarity with the subject under discussion. _ They proposed method 


he 


—This paper by Anders Bull was published in 1944, Proceedings. Discussion 02 
a aper has appeared in Proceedings, as follows: January, 1945, by J. A. Van den Broek; February, 1945, 


athan D. Brodkin, M. A. Drucker, and Sigvald Johannesson; May, 1945, by Jacob Feld; June, 196 | 
g Leon Beskin, and D. P. Krynine; September, 1945, by A. A. 
Alexander; and December, 1945, by Louis Balog. 


Cons. Engr., Forest Hills, N.Y. 


Eremin; November, 1945, G.. 
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depends | on the use of numerical tables, so it is of great ‘importance that the . 
printed values be absolutely reliable; ; with the sensitive moment balance to be 
dealt with i in a lining, a single error is likely to upset the results completely. _ 
Professor Van den Broek’s numerous checks on the A-constants and B-constants 
should dispel any doubt on that score. ‘The value of such checks might have _ 
been questioned had they been part of the paper, as there is always the possibil- Z 
ity of an error in typesetting. As far as the C-constants and D-constants: are 
concerned, the writer, after ter comparing the printed values with the original ones, 
is pleased to state that ne no typographical error has been found. In preparing 
the tables, the e utmost care was exerted, the constants being computed to seven 7 
decimal places by two different methods and subjected to rigorous tests. = 
Raising a _ question of signs, Professor Van den Broek states that by the 
ordinary rule the product of force and deflection is considered positive when 


| both factors are of the same direction and sense. = 
statement following Eq. 1, by which a deflection component is 


| 


sidered positive when its direction i is opposite to that of the . force component, 


. ‘may seem to violate this r tule, but is qualified by the term “(work negative). a 
= the ordinary rule one would wtite, for the condition shown in Fig. 300) 
(since the total work performed by reaction and equals zero): 


which is mannan: to Eq. 1. The writer has consistently made use of this 


“form: in model analysis” and has found it convenient. — Strange to sa say, the late 
George E. Beggs,* M. Am. Soc. C. E., failed to lay down any rule for signs, — 


Convenience has also been aimed at in the other s sign conventions of the 
"paper, which are sts for each symbol i in the Appendix. By thus 


Professor Van den Broek suggests that influence lines be obtained experi- 
| oe from models in analyzing rings of noncircular shape, and variable - 


moment of inertia, conditions which render a treat- 


(nt 


too complicated for practical use. red: 


_ By using precision equipment for ‘distorting the model and. for 

the deflections it should be entirely feasible to determine the « equivalents of the | 

| A-constants to three significant places and, similarly, also load-deflection co- 

1 efficients corresponding to the C-constants. ~ Structures of this type a are ‘usually , Ton J 
of -Teinforced concrete, for which material the customary assumptions 
 anedine location of the neutral axis and tensiondn the concrete are far from 


= in any case; so that extreme accuracy would be of no real use. on sont doal 
ad Mr. Brodkin’ s proposal, to use large-scale influence diagrams, such as as : Fig. 

. A for obtaining more accurate results when concentrated loads are applied 
between the sixteen tabulated points, , may be of advantage when all the forces 


acting ona ring are known. In the case of a tunnel lining, however, the many 


4 
‘Conjectural factors involved in determining the soil reactions make such re- 


_ © Engineering News-Record, December 8, 1927, p. 920; Civil Engineering I December, 1930, p. 181, ee 
Transactions, Vol, 88 (1925), p. 1208. joa 
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finements futile. Furthermore, if an A-constant were to be measured sii 
_ points, the corresponding si sixteen C-constants would logically | have to be treated 


4 the ome: ede but this could not be expressed by the basic Eqs. 19 which 


. centrated loads are assumed to ‘be aa between the nearest two of the 

tabulated points, considering the latter as ‘simple supports. 

Mr. Brodkin presents instructive data proving the simple relationship be- 
6? the soil compression constant K and the moment of inertia I of a lining. = 

latter behaves in this respect much like a flat slab resting on an elastically 

¥ yielding soil. - Since reducing K at a given ratio has the same effect on the 

_ moments as increasing I at the inverse of that ratio, it may be shown that a 

“flexible lining is less affected by changes in the value of K than is a stiffer one. 

In the lining for which I = 0.53 in Table 14, a reduction of K from 12 to 3 


- thus change the moments to the values g given for I =2. 13, causing the | 


crown moment to be increased by » — = 25%, whereas i in the lining : 


_ referred to in Table 15 (I = 136), the increase is 48%, or nearly f 


The constant K and ‘the moment ¢ ent of inertia I, being of f equal al importance in in 
- designing a a lining, Mr. Brodkin suggests that, | as a matter of ‘prudence, a a con- 


‘servative value be used for K. . The question then arises as to what value may 


ot, 


_ pressive qualities of the soil underlying a 1. 3- -mile ‘stretch of the Houston 
Street branch of the Independent Subway of New York he 
Am. Soc. C. E., chief engineer r for the contractors inca Construction * sonata 
tion), for the purpose of predetermining the settlement that would be caused ~ 
by) future building loads. A special penetration device designed by Karl 
Terzaghi,® 49M. Am. Soc. C. E., was used for the tests, which were conducted by 
In Fig. 31 (a diagram prepared by Mr. Paaswell based on the t tests), the 
vertical lines indicate the sites which measurements were mad The soil 
encountered was sand of almost uniform character throughout, with no 
posits of silt or clay. ‘Although the “grain size varied considerably, this 
- found to have no appreciable influence on the compressibility of the soil. The ; 
numbers i in each of the e differently shaded areas (which vary bet between 12 sel 40) 
indicate the respective valifes determined for K, in kips per per ‘square - foot “i 


5 


A of measurements made by other investigators®* may also be 
, mentioned. For railroad ties embedded in stone ballast (Kiesbettung) K was 
found ti to vary between 16 and 42, depending on the n nature of the subgrade; and, 


for plates 11 in. square, ballast varying in depth from 6 in. to 22 in., 


“Handbuch fir Eisenbetonbau,” Band 8, Ernst und Sohn, Berlin, 1988, 38. 
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= the respective K-values ranged _ 96 to 162. Ina . test made on garden soil 
of unspecified character, Féppl* found K to be as high as 208. 
In view of the aforementioned figures, the value K = = 12 ‘assumed in ~- 


paper would appear r conservative. 


Mr. Drucker considers it a discrepancy to include the weight of the concrete 


in n normal a air, , its weight should not be considered i in vith the effect 


2 2 & 
= 4 
a 


q 


4 600 1200. 


Seale in Feet 


‘Fie. 31.—Proritp ALONG Houston Srreet, SHOWING VARIATION oF 


a © newly e erected ring carries various temporary loads for which no other 

provision is made, such as working platform, equipment for graveling and = 


grouting, and sometimes part of the excavated ‘soil. For this reason it is 


a customary to include the weight of the concrete in the design load. - ‘The same 

: weight (0.22 kip per sq ft) was assumed for the lighter linings, Figs. 11(b) and 

11(c), in order to provide f for the weight of th the scaffolding. 
Another 1 point criticized by Mr. Drucker is that the buoyant effect of ~ 


water on the soil was is neglected. This practice is implicit in design specifica- 


? tions of the Board of Transportation which, for reasons stated previously, were : 
j accepted as a norm for this paper. _ There i is absolutely no justification for his — 

was relating the soil compression ¢ constant K, with the angle of repose. pas Serb. 

The Mr. Drucker suggests that there be a the computed 
40) ~ value | in passing from one side to the other of f a line | A-A, Fig. 22 (which 1 repre- ‘ 


per sents the cross-section area at which u changes from 5 to 6), implying that the 

wo | stress curve may have two branches at A~A which would yield different stresses, 
>be a and b. This view is easily disproved. by D D the D-constants in 
was Table 8, and considering first the case of u 5, Eqs. 19) may be written in the 
and, owing form which to the sequence of 


i. 


7 
' 
- —. 
oi the internal air pressure. 
a 
3 2 
_ Vertical Scale in Feet t 
Ta- 
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carl 
by 
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— 
Singstad, Transactions, Am. Soc. C. E., Vol. 109 (1944), 
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= 


KA’ =P, 


a +Da + Dal Fs +2 | 
2(P Ds)] E 6 cos K A’ = = F; 
— pn to Section 24, the sign n of the radial displacement at point 6 (line a 
i of Table 12) i is the criterion of of whether wu is 3 equal to, or greater | than » 5. At. ; 
A-A, Fig. 22, therefore, where u « changes from 5 to 6, the displacement must be 7 
+ De)] => + 6 cos 0. . (75) 
In the case of u = 6, there would be six equations of a structure similar to | te 
Eqs. 74, each equation containing one more term, D Fg; but, since Fy = 0, these 2 Te 
additional terms may be dropped, leaving six equations identical with 1 Eqs. 74, : . 
plus Eq. 75. y, Since the F-values in Eq. 75 thus satisfy both sets of equations = 


‘im can be no splitting up of the curve 


zero (F's 037 kip), line A-A at an area about 17 sq in. in Fig. ou 
22. Similarly, Fs will be zero for an area of about 40 sq in., so that the stress yi 
curve for joint J will be about as shown in Fig. 32. pic 

Its jagged shape results from replacing the distributed loads and soil re- ta 
actions by force concentrations applied at sixteen points. if, instead, the 


analysis had been | based on thirty-two force concentrations the ‘Tesulting stress 

curve would have had twice the number of jags, but these w would have been 

smaller, and the ¢ curve would have conformed more closely to the true stress 

a curve. “However, with so many ‘uncertain factors entering the problem, an 


~ consideration, as appears from the following statement by Ole Singstad,® M. 
Am. Soc. C. E., , referring to the cast-iron linings 1 used for the shield- driven rive - 


increase beyond ‘sixteen points does not appear warranted, the arithmetical: | 
work i increasing rapidly with the number of points. th 
“_ Mr. Johannesson questions whether cast-iron linings could be decreased i in 
& ; ‘ll 
weight materially, citing the need for a a large cross section to resist the pressure in 
of the shoving jacks. ‘4 There have been cases when this was not the deciding i 
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heavier ring * * * with 14-in. flanges and weighing 


: _ 22.7 tons per ring, was used in soft ground and mixed face or where the 
character or thickness of rock cover required it; the lighter ring with 11-in. 


_ flanges and weighing approximately 12.5 tons was used in rock face where 
the cover was adequate.” 


| i | ‘The writer ventures the opinion that, | since, in this ¢ case, the lighter lining 


was evidently strong enough to resist the y pressure from the shoving jacks, a 


4) | lining weighing no more might safely have been used for the entire river section 7 
- of the tunnel, at a saving of ‘More | than 18,000 tons of cast iron, representing a 
reduction i in cost of more than one million dollars. 
| 
be 5 5 
ott 


4 


lose mS — Mr. Johannesson rightly states that the deflection of the horizontal — 
Fig. under circumferential tension ¢ confounds the theoretical conclusions; but a 


increased it would cause a reduction in the critical moment. 4 The stresses s ob- 


i tained by considering the joints stiff are, therefore, on the safe side. CG 
Feld stresses” the fact that ‘designing a a lining i is a ‘three- ree-dimensional 


—_ and that the forces acting i in the three planes affect one another. to - 


“ , ‘yielding « of the joints has the same effect as if the flexibility of the lining were 
| 


‘i. Longitudinal: forces, apart from the > temporary ones due to the shoving 
process, arise se from axial bending « of the tunnel. may result in appreciable 


pe tangential shearing s stresses in linings built up | of ‘segments of the usual shape, 
ii zee makes for great axial ‘stiffness, but are generally neglected because of 
sd in difficulty of estimating them. With a cross section like the one in Fig. 

“Tt is a serious mistake to design a tunnel without 
feasibility of construction and also the conditions under which construction 
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ion as 
is not conscious of having advocated impracticable methods. 
Mr. Feld further states that, if it were possible to vary the air pressure at 
- different heights within a lining surrounded by a fluid medium, a perfect bal- 
ance could be obtained | between the forces and the only « deformation would be a a 
“radial squeezing of the 1 ring. oA _ The same kind of balance is obtained at uniform 
_ air pressure when the weight of a lining equals its buoyancy. * Th latter — 
condition, which likewise results in zero moments. throughout the ring, is of 
97 practical interest as it is a ne in tunnels driven through 
Referring to the views of the late J.C. Meem es dita C. E., on arching 
in soil, Mr. Feld claims that the active pressure at any point is dependent on the 2 
deflection at that point. ‘Until: more definite information is available on this 
subject, it seems safer to go by Rankine’ 's theory v which i is still the one ne de 


= accepted. i. ‘Although Mr. Meem’s views are substantiated in some de- 


gree by t the behavior of of temporary str structures, such as sheeting, their applica- _ 


™ to permanent structures is open to serious criticism as the soil arches 


Mr. Feld concludes his comments with the the statement: 


“When some methods are developed ‘measuring distribution of. 


radial forces and tangential forces during the various stages of construction, 7 
as well as for measuring the actual values of such acting forces, the necessary a 
data will be available for a proper use of the avfthor’s design procedure. | 
Until such information is available, it seems very doubtful to the writer 
that a radicai decrease in tun tunnel lini lining weight and thickness can be. or — 


; ‘Contemplating the ‘uncertain tee of soil characteristics and the great differ- t 
—_— in the moments M attending comparatively small differences in the forces 
F (Table 14), it is difficult to understand what conclusions could be drawn from 
‘such measurements, even if they could be made. What is needed are not 
measurements (which are almost impossible to achieve under construction 
conditions), but experiments, undertaken with imagination and courage, as 


exemplified by the culverts referred to in Section 28. the beaten” 


According to Mr. Beskin, the to in Section 4 
_ ‘probably” due to Miiller-Breslau. It should rather be credited to Mohr, 
whose “Beitrag zur Theorie des Fachwerks”* is fundamental in that it pre- 
sents: the first complete theory of statically ‘indeterminate | trusses. “In 
_ work the law of reciprocity of forces and deflections is deduced independently, 

- and, for the first time, elastic lines are used as influence lines for reactions, their 
practical advantage being illustrated by examples. Miiller-Breslau’s pares 


& made some ten years later,*” consisted in expanding the principle, thus: 


**Flastic Energy Theory,’ i. Van den Broek, John Wiky & Sons, Ine. New York, N. . 
® Engineering News-Record, April 19, “1934, p. 514; October 25, 1934, Pp. 
ne “% Zeitschrift des Architekten- und Ingenieur-Vereins zu Hannover, 1874,"p. 510; and 1875, p. 18. aa 5 


Die Methoden der Festigkeitslehre,” ” Baumgartner, Leipzig, 1886. ye 
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In deriving Eqs. 2 , to 4, the 
“an has himself of Mohr’s 3 approach by which work rather 


than deflection, i is the leading concept. 

ow One i is tempted to ask whether some of Mr. Beskin’s comments are acon 
to be taken seriously, as, for instance, when he asserts that the writer has been — 
“redeveloping conventional forusulen,” presented in an article by Joseph A. 
Wise, M. Am. Soc. C. E, ., and then proceeds to explain how the latter — 
are for shear, and moment diagrams, the formu 

for influence factors, the two treatments having nothing in common. _ 

- Claiming that the a adjustment referred to in Section 8 can be avoided if the 7 
concentrated loads are replaced by uniformly distributed loads on an arc 2 6 7 
Beskin proposed to change coefficients Aan Amr 8) to to the value given 
it be assumed 7) Section 8, that a ring is subjected ala dis 
tributed radial pressure p, the equivalent concentrated loads P, will all be equal. — 


Son Replacing them by uniformly distributed loads evidently reestablishes the 7 


or a condition for which the M is zero. 


Xprda= = 


= 11°15’, Eq. 76 yields 99360, and M = — 0.00640 p 


as oe Beskin announces the pending publication of tables of coefficients for 5° 
increments, intended to replace the A- constants and C-constants. ’ He judges 
it to be a labor-saving fe ature that his coefficients are from five to s seven times 
smaller, whereas the time saved by the writer ’s B-constants is considered of 
“minor r importance. The computation | of the deflection coefficients is stated to 
3 have been ‘ ‘greatly simplified” by using only one angle instead of the writer’s- 
two (a and Bi in Fig. 8). Two angles are necessary for establishing | the basic 
‘Eqs. 19. far as the problem in hand is concerned, it serves no useful 
"pose to a a smaller increment than 22° 30’, as by so doing the number of 
simultaneous equations (Eqs. 19) is increased. “a 
Mr. Beskin further endeavors to prove by means of Mohr’s circle that the 
‘ tangential forces referred to in Section 18 cannot be disregarded, as the radial % 
soil reactions are not in equilibrium with the ‘Rankine pressures assumed. 
| Mohr s circle is not a applicable to the boundary condition existing between the _ 


soil and the plastic layer of gravel and grout. Outside the boundary there is a _ _ 


g ‘soil n mass for which the circle HA’V, Fig. 26(b), may be used; inside the bound- © 

_ ary there is a semifluid mixture corresponding to a Mohr circle of zero radius — _ 


Circular Ring Analysis,”” by Leon Beskin, Aircraft Engineering, Vol. XVII, No. 195, May 
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od _A hopper with perfectly smooth sides (Fig. 33) presents an analogous case. 
When the trap door at the bottom i is opened the pressures Pu and P,» are not 
in equilibrium with the normal pressure N, the unbalanced pressures causing 
_ the grain to slide down the sides. On closing the : trap door, equilibrium is re- 


established by the | pressure 7, produced 
within the mass through the crowding 


pak In Eq. 15, 
ena nig calls attention to the experimental fact that — 
gata a under the same unit load a larger area will | 

settle more than a ‘smaller one. . This is true 
the difference being the . result of friction along their vertical faces, which is 
comparatively larger for the smaller area. a. It seems to be generally accepted, 
however, that in sand, with friction eliminated, the settlement by and large is 


independent of the ar area a loaded. as Only on that assumption could the results ¢ of 


The K-value used for the a is by 
_ Professor Krynine refers to as the “reversible part’’ of the displacement whereas 
q the “nonreversible part,” or initial consolidation of the soil, is assumed to be 
overcome by the pressure under which the annular space is grouted. a, 
there is no reversal of the > displacements anywhere in a lining, as the — 


4 producing them are applied only once. 


~ 


6 


S Of special interest is the minimum value that K attains in a given stretch | 
‘of tunnel, this being § generally the value for which the stresses are highest. , ed is. 
true that this crucial value of K must be guessed. 7 it could be shown to be | 


related to other soil ¢ characteristics might be predicted more definitely. 
Research, thus narrowed down to minimum values, , may prove. fruitful of 
results and such research is much needed 
of the conclusions drawn by, Professor Krynine from the field meas- 


urements on the Lincoln Tunnel a are not applicable to a lining in sandy soil. . 
‘Thus, in sand, the radial stresses resulting from the shoving process are negligi- 4 


- Buoyancy i is likewise a factor of less importance, as, in order to prevent | 


x 
aft 


ing g to the shearing of the over 


= 
ied Mr. , Eremin calls attention to the influence exerted on the final stresses in 


the lining by ‘the loading on the roadway slab and d by the fe forces transmitted 
; a through tie rods. . Indealing with structures of this. type itis not customary to 


we 


consider internal live | loads, as their transient effects are assumed to be ab- 
_ sorbed by the inertia of the lining and the surrounding soil. ‘The influence of 
nd tie rods may be determined easily by first assigning a value to the horizontal © 


-_ Testraining for force transmitted ; this force i is resolved into its radial and i tangential 


components which a are e then treated as other active and the 
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series of moment curves is obtained from — the restraining force producir ng 
Fi ig. 84 shows the results of a theoretical: study made along these lines; a 
very flexible lining (J = 0.53 , Table 14) being assumed, which has a tie rod © 
mounted between points 7 and 10° (Fig. 4). The curves represent the total 
_ moments produced in the lining under the combined influence of active loads, 
soil reactions, and tie rod forces. The latter were successively assumed to be 
% 2, and 8 kips, the corresponding curves being marked accordingly, whereas» 
“the curve marked O represents the lining without a tie rod. fats 


TSE 
SS 


a 


_ An interesting feature is here —-rs that the curves intersect one 
another to form a number of nodal points. The moments at these points will 
_Temain unaffected by the force exerted by the tie rod and, therefore, are to be 

oe as irreducible minima for the particular position ¢ of the rod. Of the 
three « cases considered, a tie rod force of 2 kips seems the m« most suitable, , as the 
corresponding maximum ‘moments—both positive and negative—are only 
se larger than the moments at the nearest nodal a 
_ Although the statement in Section 29, in regard to erection material being 
‘made an integral part of the structure, might have been somewhat less sweep- 
ing, the fact remains that the percentage of idle material in . tunnels by far 
4 exceeds that in any other typeofstructure, 
“pee Mr. Alexander suggests the use of a simple expression for : showing, ra’ rapidly, : 
the effect of varying the factors that influence soil reactions. However, the 


loading « conditions assumed i in his example, Figs. 27 and 28, differ to such an 


q 
sn uniform and symmetrical about the axes, thereby dispensing with the most 


important source of soil reactions—the settlement. — Furthermore, he considers — 


’ only reactions of a horizontal direction, acting on the two lateral quadrants of 


Mr. Alexander thus assumes the vertical and h horizontal active pressures to = 
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‘The sensitiveness with which the moments M respond to small changes in 
the soil reactions F (see Table 14) is a feature calling for more accurate treat- _ 
ment. je _ In bridge, subway, or building design, where a great number of members — 
subjected to varying loads” are to be proportioned, s short cuts and slide rule 


computations are in order; a 2 tunnel lining, however, constitutes a single mem- : 


! ber for the. design of which a staff of specialists i is usually available. To them, 
an elaborate treatment presents no obstacle. As several of the commentators 


; have objected to the laboriousness of the proposed. method, it seems only fair 
: “to mention here that the method by which some of the tunnels in in the New York | 
Metropolitan District have been designed i is very much more cumbersome. = 
os Mr. Alexander claims that tangential forces exert considerable influence o on 7 


a the ‘moments in the lining, and that, therefore, they should not be neglected 

unless more evidence can be | produced to show that they do not exist. _ Such 

forces are neglected, not because of their low value, but because they are pre- 

= from reaching the lining (see | Section i non 


differential (Eq. 66). similar ‘equation 0 of a somewhat simpler form— 


used’ of flat slabs resting on elastically yield- 
ing soil. il. A s far as practical application is concerned, both equations are of 


_ demonstrated for the simpler 


‘Fig. 35(a) shows a § 


resting on the ground G and 


supporting two equal loads P 


at its e ends. When the flexi- 


certain value its middle part ab 
Pa | ab above ground level. Eq. 
77 requires in this case that 
negative soil reactions be 
the part ab in tension, thereby 
"causing it to expand and exert a downward pull on the slab. As such action 
is incompatible with the behavior of soil the equation becomes invalid. - 


The theoretical pressure distribution along the slab, as obtained from Eq. ' > 
77, is shown in Fig. 35(0) by the curve p;, the part ab below line OO representing 


the negative ‘pressures, whereas the actual distribution | would be about a8 
shown by the curve Pa. The latter curve, which is discontinuous at points . 


- _ #“Erddruck auf elastisch eingebettete Rohre,” by A. Voellmy, Publications, Vol. IV, International 
Assn. for Bridge and Structural Eng., Ziirich, 1936, pp. 591-611. 


8 4 ‘Die Lehre von der Elasticitat und Festigkeit,” ” by E. Winkler, Dominicus, Prague, 1867, p. 182. 2 a 
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and d, ‘cannot be expressed ‘mathematically, but may be deter- 


‘This weight wil the soil under an initial compression, the zero” 
line OO by an equal amount w to position O’O’ in Fig. 35(6). 
A reversal of the sign of the soil reactions occurs wherever the | deflected 
elastic line intersects its neutral position. Whereas this may happen in a flat 


slab, it i is u peace ina - lining, as as it would nm not be possible for some parts of 


‘were moving inward. In his treatise,®° Voellmy states in this connection: 

_ “Equation (1) is assumed to hold for positive as well as for negative dis- 
placements of the lining surface. This assumption is justified when the 
tensile stresses due to one loading condition are neutralized by the com- r 
pressive stresses due to another loading condition, as is the case in most 


In the foregoing statement, which is the writer’s translation of the original 


German, Eq. 1 is the equivalent of Eq. 15 in the paper. 
In Fig. 30, the pressures on the rigid ring represent one loading condition < ( 

wk: the soil reactions ; Pi, due to. deflection, the other. Their algebraic sum 

should then, according to > Voellmy, represent | the total resulting pressure dis- 7 


tribution. - ‘The fallacy i in this r reasoning becomes evident when the condition 


at the crown is considered, where the 


negative soil reaction is supposed to. 
reduce the pressure by 40%. By 
the same kind of logic it could be con- 

tended that the pressure at any point 
of fa flat slab § S (Fig. 36), carrying a soil 


load, is s reduced by the amount 6 K, in Pe ee 


be relieved by anchors A, ‘embedded in the overlying soil, 


The only way in which the negative soil reactions yielded by Eq. 66 can be — “4 
neutralized i is to provide additional positive soil r reactions of a uniform intensity 


_ over the entire perimeter, such as would be produced, for instance, by a uni 


. form radial expansion of the ring by an amount = — -—,, in which F’ is the — 
maximum negative soil reaction and is comparable to the additional pressure w a 


in Fig. -35(b). No su such measure being contemplated, ‘the Voellmy equations 


a are valid only | for a ring embedded in a medium capable of resisting ——— in 
é 4 accordance with Hooke’s law. They do not hold foralininginsoil, 


It might be argued that a uniform pressure over the entire perimeter can 


have no effect on the moments in the ring and might as well be omitted, but — 


- that i is not the point. ~The pressure has a mechanical effect in that it forestalls _ 


ax “Soil Pressure Distribution Along Flexible Foundations,” by Anders Bull,"J ournal of the Franklin 

““Erddruck auf elastisch eingebettete Rohre,” by A. Voellmy, Publications, Vol. IV, 
for Bridge and Structural Eng., Zurich, 1936, p. 596. 
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a separation in betw een the soil and the lining at: any point, just as the e pressure w_ 
in Fig. 35(b) prevents the slab and soil from : separating. «Ati is this separation, — 
followed by a cave-in of the soil over the t top portion ¢ of 1 the e lining, that ‘upsets — 


ome explained in in ‘Section 1 19, the | extent t of the e ring portion on which soil re- 
actions are produced (the angular distance between the points of intersection 

@ of lines c and d in Fig. 9, represented roughly by the number u) is a function of 

; all the forces acting on the ring, including the soil reactions themselves. — The - 

4 principle of superposition does not apply, therefore, and as a ‘consequence it is 

F impossible to establish a generally valid influence line by which the effects of 

the deformation of a ring embedded in soil might be determined. 
od _ Despite the different methods. of construction, there is no essential irene 

_ betwee een the load distribution on a tunnel lining and that on a culvert. Mr. 

’ Balog’ s contention, , that i the m maximum moment i in culverts occurs at the invert 
and not at the crown, may be in accord with the Voellmy theory, but it is not 
confirmed by the observed fact that culverts fail by caving in at the crown." 

i ty) general rule can be § given for the sign of the moment at the invert point, as 

_ is illustrated by Mr. Brodkin’s Table 15 and Fig. 19, where a change in the’ 
value of K is shown to reverse the sign. 
It should be noted that the same assumptions are made by’ Voellmy as 8 are 7 
made by the writer, in using the same basic Eq. 15, and i in n neglecting — 
forces. The totally different character of the moment, curves obtained by him 4 
is thus traceable to ) the negative s soil reactions. — The s absence of appreciable a 
‘moments in the lower portion of 3 a flexible lining is a typical feature of the 


of important ec economic value in the design of certain “such as 
verts, as the plates stressed only in compression may be made of correspond- y 


Tn closing, the writer wishes to express ee sincere thanks to the discussers _ 
for their interest and valuable contributions. 


©The Structural Design of Flexible mag Culverts,” by M. G. Spangler, Bulletin No. 158, Eng. 
‘ee riment Station, lowa State College, Ames, 1941, p. 9. 
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Discussion 


By Put M LEON BESKIN, AND BRUCE JAMEYSON. 


M. FERGUSON,” M. Am. Soc. C. E. so the writer knows, 
this ‘paper i is the first presentation i in English of an analytical method for ‘locat- 
ing moving loads so as to cause maximum moment. — _ That the criteria devel- 7 
oped are not simple does not in any way detract from the definite advance in 
thought that this method represents. The key to this advance lies in certain _ 
advantages inherent in designating the location o of wheels i in a load system ir in 


terms of distances from the resultant of the system, or, as the author states, 
from the center of gravity. The writer regards this as a development of con-— 
siderable importance, even if it is, as now presented, limited strictly t beams of 


The use of ‘acti’ Brumfield’ ’s criteria does not require adoption of the 


author’s general procedure for frame analysis. The c criteria (Eqs. 29, 32, 33, 7 
34, and a) involve loading constants and the so-called transmission factors 


or. 


@ < 


ria, 
‘The of the criteria for the of loads might not not have re- 


“sulted from any , other approach to frame analysis than ‘that of the an. ' 
4 Nevertheless, the writer considers this particular approach t to the dir direct method 

‘of moment distribution definitely inferior to the Lin method in several respects — 

and would urge that the author’s excellent ideas be) used for | moving loads qi 


 Nors.—This paper by R. C. Brumfield was published in May, 1945, Pimaiinien Discussion on this — 
pier has appeared in Proceedings, as follows: October, 1945, by R. W. Stewart, Nathan D. Brodkin, and 
Hickerson; November, 1945, by Max W. Strauss, D. A. Mackenzie, and Charles E. Schaffner; 
December, 1945, by J. Kalb, G. Rolsma and F. W. Gieseking, Stanley 8. Schure, and Alexander Dodge; anc and y 
January, 1946, by Frederick 8. Merritt, Alfred B. Heiser, and T. B. Rights. oak “attealera rf 
Chairman, Civ. Eng., Univ. of Texas, Austin, Tex. 
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However, these transmission factors are identical with the “modified carry- 
over factors” introduced by T. Y. Lin,* Jun. Am. Soc. C. E., and, of course, 
related to the fixed points that are usually determined graphically. Hence, 
4 
| 


applying either the Brumfield or the Lin ilies: of the direct method igi moment 
distribution ‘(basically | the same method) and that the author’s method of 
calculating the frame constants be discarded entirely. 


‘The writer has three basic criticisms of the author’ s method of frame 


i A new vocabulary of specialized terms is required, most of which are not 7 


essential to this type of analysis and the remainder of which could be clarified — 
by | correlation with the basic Cross nomenclature; = = 
As. given, the method is not directly applicable to members of variable 
section, and such adaptation would seem to require extensive alterations; and 
fe The method abandons the ‘principle that has been mest productive = 
"American methods of frame lionmen the us use of fixed-end moments: 


for the initial step. 


is nonspecific to create unnecessary ‘difficulty for the 
ihe author prefaces I his paper (see heading, “ “1, Definitions at and the No Nomen- 
clature of Unusual Terms”) with the statement: ahs 
_ “Tnherent in the usefulness of the paper * * * are certain symbolisms 
_ peculiar to the method itself, and the nomenclature needs to be understood 
clearly to grasp the full import of the paper” 


‘This nomenclature is an unnecessary handicap because it is truly an entirely 


: a new vocabulary. _ Several symbols represent concepts applicable only to this 
method. A new symbol Q is even introduced to designate the reciprocal of the 


wr esl sasitataal only because it looks simpler to write Q than to write 


. In contrast, Mr. Lin has 1as presented an an equivalent method of distribut- 
ing moments to a frame i in a single operation utilizing only one new symbol and 
two “modified”  terms— —modified stiffness and modified carry-over factor— 
7 both closely related to the : original moment distribution terms developed by 
‘Hardy Cross,? M. Am. Soc. C. E. Since it may be presumed that American 
engineers will first know something of Professor Cross’ basic method , notation 
‘related to it will always be preferable i in introducing ne new ideas in moment 
distribution. Not only does M Mr. Lin’ method involve simpler notation, b but 
iti is applicable, without modification, to members of variable sections. ng > 


In addition toa new terminology, the author introduces a notation dificult 
to follow in that subscripts are not self-explanatory and are not uniform. — | For” 
example, the rather definite form of subscript used in Cap B (Kgs. 3a and 8b) i is 
- dropped i in favor. of the indefinite form Ci and C2 for other members, and be-_ 

comes Cx and Ce in connection with moments in loaded beams. There are 
al ‘no no subscripts to identify the particular R to be used in Eqs. 5and 8 W ith 

‘such uncertain notation it is difficult to picture the au author’s | process | ‘properly. 7 
as i it is gradually developed. — Asa result, close study of Sections 10 an and 13, 


“hear the end of the p: paper, is required to o clarify Section 2. 


2 ‘Analysis of Contionows Frames by. Distributing Fixed-End Moments,” by Hardy Cross, Trane- 
actions, Am. Soc. C. E., Vol. 96 (1932), P. 1. 
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Mr. ‘Ue n develops essentially the same method of moment distribution from > 
short proofs b based upon the original moment distribution process. — a 


— constant equations i in the Lin method are stated for 


» is is the relative stiffness of member AB (Fig. 25) based upon rotation of 


is the modified relative of AB based u upon rotation 
of end A when end B is considered restrained only by the ieemeal 
of the frame. 
’ a is the carry-over factor from end A to end B when end B is fixed (0. 5 
when beam has uniform section). 
Yabm ‘is the e modified carry-over factor when end B is considered restrained 
by the remainder of the frame. Factor is identical with the 


Ri is ara ratio defined by the 


For members of constant eh th oh = 0.5, and these equations become > 


——y 


( (sen, Bas Direct Method of Moment Distribution,” by T. Y. Lin, Transactions, Am. Soc. C. E., > 


Vol. 102 
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do - Reo is infinite if end B is fixed, and is unity if end B is pinned. . ee 
| 
ult 
ult 
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be 
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The quantities i in parentheses in Eq. 78a and 1 Eq. 78b are susceptible to simple 
_ tabulation for various values of R, but the equations are also ‘0 simple to use with | 
: “3m the slide rule. It should be noted that R in Mr. Lin’s paper is not the same as 
a. ms that in the Brumfield paper, but is to be evaluated from Eq. : ee a 
- Since Ry. at a fixed end B is infinity and at a pinned end B is unity (and at 
a other terminals can be estimated), it is easy to use Eqs. 78 or Eqs. 77 to find 
a “4 K abm and Yabm , at the opposite or * inside | end of any terminal member. The re-- 
sulting value of Kasm and similar modified stiffness values of other 
— members meeting at joint A can then be used in Kq. 76 to find Raz in the next — 
oe interior member AX; ; and Res is used in turn to find the modified tate 


eee carry-over factor at end X of member AX. — It must be kept in mind that the 
a 
sequence of subscripts used with c: carry-over factors indicates the direction in 
al 
which the carry-over moment is being transmitted—that i is, or ‘Yam. indi- 


direction is from end A 


A 


— 2.45 2.45 ewe 


5.81 
— 


To illustrate | the sequence | of these frame-constant calculations, the Lin 
-— gonstanta for the: frame i in Table 1 of the Brumfield paper are developed in Fig. 
26. ‘The arrows indicate the sequence of calculations, not the direction of | 
carry-over factors. . Some constants not ty the author’s problem wed 
ae omitted, but are indicated by dotted lines. - Since the ec constants are tabulated 
with the same arrangement at each joint, no table is needed. Each constant 
is tabulated at the joint corresponding to its first subscript letter—that i is, Ka 
is tabulated at joint A. The K-values for beams of uniform stiffness are I/L- 
ratios and are the reciprocals of the author’s Q-values. Except to maintain 
form suitable for variable sections, ' there is no need to tabulate, ‘separately, 
te Ka and Kyo or Yar and Yeo. For members of variable section, the unmodified 


Oe : K-values and y-values would be calculated for fixed ends, exactly as in the 


basic moment-distribution m method, and ther then used in Eqs. 77. No modifica- 
tion of the Lin method is needed for these members of variable section. 
: a Mes Stef The Lin modified carry-over factor Yabm can be substituted directly for its 


ee es equivalent 4 rz in the author’ s criteria for the location of loads; and likewise 


can be substituted for Cz. Fixed-end moments for the | critical position 
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of _— can then be c inleulated and used with the regular Lin method. This 
method begins with the > equivalent of the author's t torque split applied to 
fixed-end moments. The Lin method proceeds” to calculate ‘the numerical 
terms that would make up the restraining 0 moments used by the author, but 
Mr. Lin does not segregate and label these as such. 
a It is also possible to calculate the restraining moments from formulas and 
thus eliminate the first steps of the Lin method. ‘This’ would agree with the 
Fixed-End Moment: Mp, 


(2) Distributed Moment: Mp. 
(2) ar and 4 (3)] @)and (3)) 


moment-distribution 


whic of modified stiffness | for all members 


: “meeting at joint A. The distribution and ¢ carry-over terms in . Fig. 27 can be 

Mp, ab — tad Mr — Yoam tea Mr ita 

= — tre) — to 


In the Lin method, in the first distribution and carry-over step, this operation 
is performed by simple arithmetic rather than by algebra. Thereafter, there is 


* difference > whatever between the Lin and the Brumfield procedures. Mr. 
the ‘moment split to Al (without n naming it) a 


in 
_ which Kam includes the modified stiffness of all members meeting at joint - — 


except that of 1 member AB, the member from which the moment originates. iy 
ge Even if one does not accept the writer’s thesis that a method more closely a 
elated to the basic” ‘moment distribution method, and 
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= still worthy of consideration. They are preferable t to Eqs. 14, 16, and 17, be- 
cause they p: mit the use of existing tables for M Pe For those who follow the 
- author’s method, C would be substituted for ym, as noted previously. : - The 


author’s modified -end-moment formulas written directly § in terms of ks seem 


necessary to develop criteria for placing loads, but seem unnecessarily complex 

Ine conclusion, the suitor ean again wishes to state that the treatment of moving 

4 oads i in this paper is a a most worthy one. Those who may have difficulty with 

the background method upon which it is ‘based should be attracted by the 

relatively simple concepts | of Mr. Lin’ s approach to the necessary frame con- 


stants, ‘.. The Lin concepts are closely correlated with those used in the Cross 
method. The actual work involved in applying either the Brumfield method 
or the Lin method is not greatly different, but such difference as exists seems 
slightly in favor of the Lin in procedure i in that Mr. Lin does not use reciprocals 


of constants. % 
Busxrn,” Assoc. M. Am. Soc. C. E.—It is customary to make ¢ a 
distinction between ‘ “modern” methods of solving statically 


indeterminate ‘structures. The writer has attempted a comparison of these 


‘methods i ina previous discussion,“ and he feels that undue ‘emphasis has been 


placed on ‘‘modern” methods. For this reason, , it was especially gratifying to 


> 


read Professor Brumfield’s description of a‘ ‘classical”” method that had been 
developed for the special case of continuous beams and later was extended to 


frames. Regrettably, however, Professor Brumfield has omitted references to > 


= of his predecessors— —thus tending to obscure his personal contribution to 


5 ae The concept of a transmission factor (also called nodal ratio, intercept ratio, 
or carry-over factor) was developed fully by O. Mohr and by Maurice Lévy @ 


for continuous beams and by more recent authors, some. of them previously 


indicated | by tt the writer, 4 for frames. Formulas similar to Eqs. 5 and 43a can be 
found in these r references—all defining relationships between transmission in 
factors ir in adjacent spans. Eqs. 14, 16, and 17, defining | moments at t the sup- 
ports of a continuous beam under the action of lead placed ona span 1 with the 


abscissa corresponding to the maximum support moment, seem to have been a 


first established by Weyrauch and by Mr. lévy® | 

as Professor Brumfield extends the formula defining the abscissa corresponding - 
to the maximum ‘support moment to combination loads, which leads to the © 

"introduction of concepts of radius of dissymmetry, span-distribution ratio, ,and — 
dissymmetry- span ratio. _ These results Tepresent a a definite contribution to 
the theory of continuous beams and frameworks; they > can be generalized and 
iy r could be applied as well to the case of distributed loads or to combinations of of 


Design Specialist, Consolidated Vultee Aircraft Corp., Vultee Field, Calif. 


“1 Proceedings, Am. Soc. C. E., September, 1945, p. 1111. 


Statique Graphique, et Ses aux Constructions,” by Maurice Lévy, Gauthier- 


Villars & Co., Paris, France, 2d Ed., Vol. 2 
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YSON ON MOVING LOADS 
value appears somewhat limited, because great 
care should be exercised when applying t the formulas established by the e author 
_ because they seldom define true maxima. — Consider, for instance, the simple 
case of two concentrated loads. Depending on the ratio of distance to length — _ 
of the span, the maximum moment on a support may be obtained either when 
the two loads are on the same e span or when they are on the two sides of a sup- 
port. Professor Brumfield’s formulas are valid only in 1 the first « case, and the 
restriction i is extremely inconvenient because n no criterion is given to ‘o determine 
when the formulas are not valid. This important limitation is not mentioned 
by the author. In the special cas case of two equal loads, placed on a continuous — 
‘beam m with spans of equal stiffness (“K-value’’), the author’s formulas ar are valid 
only if a1 = a2 <0.37 (see Fig. 4). 
Another limitation results from the fact that, in ~~. diagrams for 


In addition, may be even 
if the loading diagram i is dhertnt than the span, because it may lead to such a 


location of the diagram that some of the loads ar are in the adjacent span. — 


t this cs case, the formula ¢ gives an analytical ma maximum that has n no physical signifi- a 


Thus, to the statement, “Eqs. 29 all kinds of 
"principally to the design of girders’ for cranes, because the loads are 


~ generally distributed on a short length (small a-constants). For this case, 
however, very complete tables are available, which make make any general method | 


Br 


RUCE JAMEYSON Assoc. M. Am. Soc. C.E. “o_The pa paper dealing with 
method of solution for: continuous rigid frames ‘composed | of prismatic members 
and with criteria for moving loads is of academic value only because (1) the — 
usual case of moving loads occurs in bridge design and involves frames com- -— 
posed of nonprismatic and often unsymmetrical members; (2) the e paper does _ 
not fully include the effect of broken loads 3 on adjacent : ond other s spans; ; (3) 
the author’s method already seems complicated and would become unduly so 
. modified toa apply | to frames composed o of nonprismatic members; and (4) 
_ etter and more general ‘methods of approach to the problem are a available. 
_ The writer considers one-cycle moment distribution, the method advanced 
t by T. Y. Lin, 3 Jun - Am. Soc. C. E., more general and superior to any other 
method yet proposed, for this particular case of ‘one-story ‘rigid continuous 


procedure is similar to the Lin m method—that i is, s, his coeffi 
ents” and his “methods for distributing the moment to the frame in a single - 
operation.” The author has taken the difficult way to develop and explain 

: st “ Prof., Civ. Eng., Univ. of California, Berkeley, 


Received by the Secretary December 31, 1945. 
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ON MOVING LOADS 


this procedure. _ Since the loads may be broken loads, influence lines are meces- 
The author’ s ‘transmission coefficient,” “moment split, and 
frame characteristics’ ) are not new are simply carry-c -over factors 
8 s joint distribution factors of moment distribution for the general case of any 
end condition of members — would have been better to have used this latter 
nomenclature since it is in general use. For the same | reason, the well-known 
-stiffness-factor symbol K should have been used rather than the reciprocal, the 
- author’s Q-value. Moment distribution becomes a more . powerful tool if these 
terms, carry-over factors (C’), stiffness factors (K’), and distribution factors, 
are considered as modified factors applying to members with end conditions as _ 
they exist in the structure—that i is, with fixed, restrained, or free ends. For-— 


‘mulas and diagrams have appeared in recent literature®-* 38,45, for these modified | 


factors and have been used for some years in a design in conjunction - with \ 


one-cycle balance of moment distribution.® 
jay In addition to the final one-cycle alin by moment distribution, the 


writer prefers to obtain the foregoing modified factors by moment ee. 


— than by formulas or diagrams regardless of whether or not the frame i is 


of prismatic members. The he method faster. ‘Fig. 28 


5.81=M t fi 


595 he 5.155 155- K! End 
f => Unit Angle at C, 


er 
d 


indicates this procedure and is self-explanatory to a any one familiar with 
‘moment ‘distribution. The modified carry-over factor (C’ = 0.310) checks 

7 the author’ 8. value of the “transmission | coefficient” in Table ge Continuing 
to the right and then proceeding back to the left in a  dhialie manner, all values 
of C’ and K’ are found for the actual end conditions of the members in the | 
structure. Distribution values follow from the K’-values. The distribution 

7 = are better shown in a diagram than in a table, as the author has done, 
i ince more than one set may be required at a joint. . For example, at joint Bo 


= sets | are” obtained, one ‘set for each possible combination of members. 


Any c one fixed-end moment is now balanced in one cycle throughout the 
structure ‘modified and distribution factors. 


| 
| 
4 
| 
— | 
— 
| 
| 
| 
j 
Relative Flexure Factors tor Analysing Continuous siructur 
Am. Soc. C. E., Vol. 104 (1939), p. 527, 
Theory of Modern Steel Structures,” by L. E. Grinter, The 
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One precaution must be taken—a fixed-end moment is balanced into a all 
members at a joint whereas a a moment carried over is the final correct end 
moment. This final moment must remain unchanged and therefore is bal- _ 

anced into only the remaining members at the joint, which explains why 
different sets of f distribution nfactors 

are obtained for each joint. ‘Some K'=3.79, 
of these May never be used, 0.3460 
however, depending upon the load- 0. 

ing and where the fixed-end mo- 


mo- 


Should the structure be com 
wnat of nonprismatic members, 

the K-values and C-values, for fixed — 

ends and for most types and shapes 

of members used in practice, can 

Teadily be obtained from excellent — 

tables or diagrams well known to structural | engineers. Using values the 

‘modified values are obtained in the simple, quick, and understandable manner 

outlined herein. The fixed-end | moments are also taken from these tables —_ 
diagrams. One- -cycle moment distribution then yields final end moments. 

‘Sidesway corrections, if “necessary, _ follow. Influence lines may then be com- 

puted and plotted. i - This method is exceedingly rapid since the modified carry- 


over factors, | 


and remain u unchanged. ‘This method i is as s “exact” as any other. 
A clear knowledge | of the fundamental definition of “stiffness factor” ‘and 
“carry-over factor” as applied to any end condition i is really all that i is needed _ 
“fo an understanding of this method. In ‘moment distribution the stiffness 


“ean be shown 


. special case’’ of his method is not supported oppo explanation of of only a part 
of the concept. The Cross method of moment distribu- 
- Dcsaadigal is based upon fundamental concepts, independent of other methods; is 
~~ general than the Brumfield method which is involved with criteria, and, 
in in its broader application, is a a , powerful tool of analysis. When the subject: 


the method of direct moment distribution.® 
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CIVIL ENGINEERS 


DISCUSSIONS 


HYDRAULIC ‘STRUCTURES 


SYMPOSIUM 


‘ 
Discussion — 


N. BRADLEY | 


N. 7 Assoc. M. Soc. C. E. To —The Symposium i is an 
excellent up-to-the-minute review of cavitation theory and practice. From a 
practical standpoint, the causes and results of cavitation and the remedies for 


its elimination are fairly well understood. ‘From a a more scientific viewpoint, 7 


a clearer conception of the mechanical action which produces pitting of the 


One form of cavitation that is not uncommon is demonstrated by the 
following ¢ example. The profile of one of two lower outlet conduits in 
Dam (a a project of the City of Seattle, Wash.) is shown i in Fig. 52. . The present — 
“outlet conduit, as indicated by the solid lines, was only partly completed i in 
January, 1946. | The conduit entrance is on the upstream face of the dam; 

; and the downstream end discharges into a large diversion tunnel. Final plans — 

called for a vertical bend beginning at El. 1207.44, and a horizontal section of 

7 pipe with a balanced valve at the extreme downstream end of the conduit, as 

indicated by the dash lines in Fig. 52(a). Difficulties encountered in obtaining 
=e : materials during the war years made it impossible to » complete th the downstream — 
4 portion, outlined | by ‘the dash lines. War changes many things but has little 
_ influence on the f flow of a river. _ Tt was necessary to pass water through the 
dam during this p period to supply power plants located downstream. ‘Entirely 
ompleted lower outlet was used for this purpose, 


operators relying on a slide at the entrance for control. 
‘The: damage resulting during operation of the partly completed conduit is 
‘explained i in the notes in Fig. 52(6). In approximately ninety days of actual 
operation, over a a period ‘of about three years (during which the ‘reservoir 
elevation did not exceed El. 1275), severe pitting occurred along the arch of 

upstream: tunnel section; and at ‘some ‘points this extended completely 


through the 54-in. steel plate liner. Fig. 53 shows a piece of an eroded section. 


Note.—This Symposium was published in September, 1945, Proceedings. on this is Sym-— 
 ~posium has appeared in Proceedings, as follows: December, 1945, by C. A. Mockmore. 


Hydr, Engr., U. 8. Bureau of Reclamation, Denver, Colo. 
Received by the Goeretary January 4, 
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100 150 200 
— Approximate Scale in Feet 
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Hole 12" Long by 6" Wide 
(Specimen Illustrated in Figure 53 oe 


~_Hole in Plate 6' Long by 3! Wide 
Edge Split and Pulled Down e 


7 
4'6" Inside _ 
Diameter 
OFILE OF By-Pass TunNEL, Ross Dam, SEATTLE, Wasa. 
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- BRADLEY ON CAVITATION 
the resultant pitting, in this case, is ‘not a 


in elevation between the entrance and the exit of | 

the conduit i in Fig. 52(0) i is 42. 6 ft. _ The vapor tension of of water at Ross Dam 
_ approximates 32 ft of vacuum. ' The conduit acted in a manner similar to a 
siphon developing a suction hen that tended to exceed the vapor pressure of 
water. This condition occurred principally in the upstream portion of the 
conduit where the water in the roof of the pipe vaporized, cavitation occurred, 
and pitting resulted. _ As the limiting value of negative pressure that can | be 
~ developed i is equal to the vapor pressure of water, under prevailing atmospheric | 


" conditions, this could oc occur only "near the arch of f the contalt, ‘The pressure 
Maximum | Discharge, in of fet 


8B 


N 
@ 
Oo 


— Maximum Discharge 
4 int 
— 


Minimum Pressures in Condi in of 
on the ere of the pipe was above the vapor pressure of water by an amount 


equivalent to the depth of water t flowing in in the conduit. — - With one exception, 
the damage was confined entirely to the roof of the conduit. _ One pitted area 
is indicated on the invert of the conduit, Fig. 52(0), immediately do ote, 
from an abrupt change i in grade. 


lowered | pressure area produced by: the sudden change of slope. 


— 


= 


obtain. delivery ‘of steel for the ‘completion of | the outlet conduits 
quently, a temporary remedy for the alleviation of cavitation was ad ministered. 
The severely pitted areas were removed and by 1 new thus 
making the conduit again watertight. 

to 4.5 ft in diameter | 


— 
The cause of cay 
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2 
= 
— 
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dotted in Fig. 52(b). The cc cone served to > reduce thus i increas- 

ing pressures throughout the conduit. The outlet now (1946) operates with- — 

a The solid lines in | Fig. 54 show the minimum - computed pressures in the 
_ outlet conduit for three conditions of operation. ae Actual field measurements 
not available. Curve A, for the un ‘uncompleted tunnel, ‘shows that negative 

‘pressures: equivalent to the ‘vapor pressure of water existed for all reservoir — 

elevations up to El. 1270. The maximum reservoir | elevation obtainable 

during this period was El. 1275, which is 10 ft above the top of the present 


| dam. Curve B, Fig. 54 (which represents the uncompleted | tunnel with cone 


ae at the present time (1946). Curve C shows the minimum pressures 
& can be expected after final completion of the tunnel with a valve installed 
at the extreme downstream end. _ ‘Thes slide gate on the face of the dam was _ 


_ The dotted lines in Fig. 54 show the corresponding maximum discharges 
4 to be expected for the s same three conditions of operation. For the reservoir 
at El. 1265, the present conduit with addition of the reducer cone (curve B) 


will discharge 890 cu ft per sec; for the previous condition of operation without 


cone (curve A, Fig. 54) the discharge was 1,430 cu ft per sec. The conical 

reducer results in a a 387% decrease in discharge at this arbitrarily selected head. 

As elimination of cavitation often involves a sizeable reduction in ‘efficiency — 
iti is difficult to convince designers that avoidance of low pressure is ¢ isimperative, — 

__ Acknowledgment. —The writer wishes to express his appreciation to E E. R. 
7 Hoffman, s superintendent of the Department of Lighting, City of Seattle, a and 
W. . % Wolfendale, project engineer of Ross Dam, City of ‘Seattle, for their 
- generosity i in granting permission { for ‘the presentation of the above material. i 
ad At least twenty references on cavitation (45) to (64))7> should be a added 

to the Bibliography of the Symposium. ont 


| @ (45) “The Destine Action of Cavitation,” by M. Kornfeld and L. Suvorov, 
The Leningrad Physico-Technical Inst., Leningrad US.S.R.; ; reprinted 
in Journal of Applied Physics, June, 1944, p. 495. 
a (46) “The Destruction of Material by Pitting and Cavitation,” by J. Ackerel 
and P. E. DeHaller, Schweizerische Bauzeitung, September, 1936, p. 105. 
ail “Failure of Metals Due to Cavitation,” by H. N. Boetcher, Transactions, — 
AS.M.E., Vol. 58, 1936, p. 335. 
(48) “Cavitation Characteristics of Centrifugal Pumps,” by G. F. Wislicemus, 
M. Watson, and I. J. Karassik, tbid., Vol. 61, 1939, p. 17. 
49) “Cavitation in Centrifugal Pumps,” by A. ‘Stepanoff, ibid. » Vol. 67, 
No. 7, 1945, p. 589, 
“Theory of New Formation Cavitation,” by J. 
Physicochimica, U.S.S.R., Vol. XVIII, No. 1, 1943, p. 


% Numerals in 
- o last unit it of the & 


— — 
| 
4m 
j > > 
ric 
ure 
a 
ount 
tion, 
| area 
lized, a 
ole ‘to ‘d 
tered. 
thus: 
6.0 
= , and at the end  ° °° pas 


CAVITATION Discussions 


— 


1) “Resistance to Cavitation Erosion,” by R. Beeching, 

(82) “Flow Phenomena in n Hydraulic | Butterfly Valves Subjected - to Cavita- 

by i. Bleuler, Esher Wyss News, No. 1-2, 1939. 


(53) Experiments DeHaller, Schweizerische Bauzeitung, ‘May, 1933, 


sence Wilhelm 
Spannhake, Technische Hochschule, Karlsruhe, Baden, Germany. 

(66) 4 “Cavitation Testing of Model ‘Hydraulic Turbines and Its Bearing on 
a Design and Operation,” by J. Scoville, Transactions, —AS.M.E. 
(87) “Cavitation,” by Lewis F. Moody, Baldwin- Southy work, August, 1938, 

7 _y “Cavitation Problems and Their Effect Upon the Design of Hydraulic | 

a J. M. Mousson » Bulletin aed 27, Studies in Engineering, 

Univ. of Iowa, Iowa City, 1943, p. 146. 
a) “Theory of Cavitation Flow in Centrifugal Pump Impellers,” by C. A. 
Gongwer, ‘Transactions, A.S.M.E., Vol. 63, 1941, Pp. 29. he. 
(60) “Material Destruction by Cavitation,” by H. Schroter, Zeitechrift, 
Vol. 78, March 17, 1934, p. 349. 


“Cavitation of Hydraulic Turbine by R. E. B. Sharp, Trane 


actions, A. §.M.E., Vol. 62, 1940, p. 567. 
(62) “A Theoretical f the Phenomenon of Cavitation in Screw 
_ Propellers,” by J. Tutin, M agazine and. Journal of 


— 
“Pitting i in Water Turbines,” by E Elov lov Englesson, The Vol. 150, 


“On the ‘Principle Similitude for Cavitation,” by ‘Reinhardt 


_ V.D.I1., No. 370, 1935, 35, P. 


go 


“Cavitation Its Effects 0 on Turbines,” by | Giro G. Kubo, | Civil Engi- 


| 

282 
cal 

— 

| 

Be 
D 
we 

of 
= 
| 
— 


AMERICAN SOCIETY 
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DESIGN ROADBEDS~ 


Discussion 


stablishing a degree i in materials sufficient to 
ater in detrimental amounts may be accepted generally as a satisfactory | ap- 
pon’ to the problem. | This same thesis was developed independently aud all 
writer and L. E. Gregg, Assoc. M. Am. Soe. 


The author proposes an arbitrary value of | seven tenths of the plastic limit 
as s the limiting value of moisture content for roadbeds. : However, it is im- 


peak) colle. In contrast, mixtures with high Proctor ‘weights 
would be compacted inadequately | under this — = Riad discussion i is 
directed to a consideration of these two points. G 

na Considering first the he last lir line of Table 5, the ‘soil with a Proctor maximum 
of 85.0 Ib per cu ft has a saturation moisture content of 35.8% and a plastic 
limit of 30.7%. If the soil were to be compacted so that the saturation moisture 
content would be only seven tenths of the plastic limit or 21. 5%, the soil would © 
need be compacted to a weight of 105.3 lb per cu ft or to a percentage compac-— 
tion of 123.9. This degree of compaction is impossible with present-day 

equipment. — Therefore, if it is necessary to construct a roadbed upon ‘such a 
‘subgrade, it is generally more economical to utilize base courses constructed of 

granular material (from local sources of supply). 


Referring again to Table 5, if the first line is considered, it will be noted that, 
Be 100% compaction, a a soil with a. 


imit of 15.4; 
if the degree « of compaction is ‘such that the saturation 
moisture content is seven tenths of the plastic limit or 10.8%, then the material — a 


paper has appeared in Proceedings, as follows: October, 1945, by Charles 'W. Britzius, J. T. L . McNew, and 
Gustavo Pérez Guerra; November, 1945, by Jacob Feld, and Jasper L. Stuckey; December, 1945, by Del- 
bert L. Lacey; and January, 1946, by René S. Pulido y Morales. ea _ 
4 Associate Director, Joint Highway Research Project, and Associate Prof., Highway Eng. F Purdue 
Univ., West Lafayette, Ind. 
Received by the Secretary December 22, 1945. 

Performance Related to Soil Texture and Compaction,” by K. Woods and L. 

Proceedings, Highway Research Board, Vol. 24, 1944, pp. 426-435. _ Per ise 
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would have a dry weight of 128. 6 Ik ver cu ft and the degree of compaction would 


be only 98.1%. In other words, it is more advantageous, in this instance, to 


specify 100% of the Proctor dry-weight peak than to limit the saturation 
‘Toes content to seven tenths of the plastic limit. _ Furthermore, , assuming 
that this material consists of 80% aggregate, ths that would be. retained on a No. 

200 s sieve and 20% soil binder that would y pass: a No. 200 sieve, ve, the saturation 


‘voids of individual agaregats 4 grains themselves. In the latter - instance, the soil 
binder or material passing the No. 200 sieve is likewise contained in the voids 


| between the aggregate grains, and, as a result, the moisture filling the voids is P 
100% effective in lubricating the soil fines. In other words, by using the fore- ; 


going illustration, it can be readily shown that the moisture content of these 


ah soil fines iene to 34. 0% (that i bis, (128-5 X 0.108) — (102.8 x 0.05) _ = 34.0) 


when the entire so soil-aggregate mass has a moisture content of 10. 8% and 

assuming that the absorption | of moisture within the aggregate is 5.0%. ~ In 

most instances, this moisture content will be several points above the liquid - 

limit of the material passing the No. 200 mesh sieve. Thus, it can be seen that 
the limiting value for moisture content of seven tenths the plastic limit for. 


semigranular mixes used in base courses is not necessarily adequate. 


. “¥ In conclusion, the writer feels that 1 the over-all perspective of obtaining a 


“degree of sufficient to minimize the entrance of detrimental ‘amounts 
is ‘sound; however, it is to apply these principles to 


“used 2 as base courses may be e entirely ‘inadequate. 
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